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Preface 
In spite of tremendous strides in all spheres of technology, marine biodetenoration still remains the 
greatest impediment to all human activities connected with the sea. Since the dawn of the industrial 
revolution, water has been used as a coolant par excellence. However, biological organisms associated 
with natural waters can seriously disturb cooling system components leading to matenal degradation, 
flow blockage and reduction of heat transfer efficiency. The problem of marine fouling in industrial 
cooling water systems, especially in power plants, has been addressed in great detail in temperate 
countries. However, similar studies in tropical areas have been quite few. Mussels are one of the 
greatest problem-makers in power plant cooling systems. The present thesis is the culmination of an 
attempt to study the distribution, ecology and control of mussel foulants in a tropical coastal power 
station. In this endeavour, the author is deeply indebted to a large number of people who have been 
associated with him both during the experimental work as well as manuscript preparation. 
I wish to express my deep sense of gratitude to Prof Dr. G. van der Velde, Prof Dr J M. van 
Groenendael, Dr. H A. Jenner and Prof. Dr. С. den Hartog for suggesting the topic, for their keen 
interest, encouragement and careful review of the manuscript. The able assistance of Lex Kempers, 
Rien van der Gaag, Maria van Kuppeveld-Kuiper, Martin Versteeg and Barry Kelleher in assembling 
this thesis was invaluable. Grateful thanks are due to Illustration Services of the Faculty of Sciences, 
University of Nijmegen for co-operation and help in the preparation of the figures. I am also indebted 
to Wilna Jenner, Diny van Dijl and Willy van der Velde for their extended help and motivation. 
I stand in deep debt of gratitude to Dr. K.V.K. Nair for his continued encouragement and guidance. I 
also thank Dr. V P. Venugopalan, A. bij de Vaate and Dr Henk Smit for their many valuable 
suggestions during the preparation of this thesis. Special thanks are due to Dr. P.N Murthy, Dr P.K. 
Mathur, Prof. J Azanah, Director of Indira Gandhi Centre for Atomic Research and Chief 
Superintendent of Madras atomic power station for providing facilities. Special thanks must also go to 
Shn ST. Kasirajan, Shn. S.R. Karuppannan, Dr Lahtha Kameswaran, Dr. N.R.T. Rajkumar and Prof. 
Len Evans for their motivation and help in various stages of my education. 
The financial support for this work, from the Board of Research in Nuclear Sciences (BRNS), 
Department of Atomic Energy, Government of India, Council of Scientific and Industrial Research, New 
Delhi, India, KEMA Environmental Services, Arnhem, The Netherlands and Institute for Inland Water 
Management and Waste Water Treatment, Lelystad, The Netherlands, is gratefully acknowledged. 
Finally, I wish to express my heartfelt appreciation to all the members of Aquatic Ecology, University 
of Nijmegen for their co-operation and help. Without their effort this thesis would not have been 
possible. 
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Chapter 1 
General introduction 
Chapter 1 1 
General introduction 
Biofouling refers to the undesirable deposition of biological materials on equipment surfaces, resulting 
in a drop in the performance and operational efficiency of the equipment (Characklis et al., 1987). 
Fouling is mostly constituted by microorganisms and macroinvertebrates which generally inhabit the 
benthic habitats of aquatic systems. According to an estimate, about 4000 biological species are 
involved in the process of fouling (Crisp, 1984); this number is, however, increasing due to expanding 
world-wide human activities and industrialisation Macrofoulers are mostly represented by numerous 
species of algae, sponges, coelenterates, polychaetes, bryozoans, barnacles, amphipods, molluscs 
and ascidians (Woods Hole Océanographie Institution, 1952; Costlow and Tipper, 1984). The life 
history sequences of planktonic development and settlement of major fouling organisms have been 
reported by Cnsp (1984). Biofouling affects almost every human activity connected with the sea, 
including off-shore drilling platforms, hulls of ships, cooling conduits of power stations, manculture 
equipment, heat-exchanger membranes of Ocean Thermal Energy Conversion (OTEC) and defence 
and surveillance technology (surface vessels, submarines, sonar and optical instrumentation). A review 
of the historical background of the fouling problem can be found in the publication by Woods Hole 
Océanographie Institution (1952). More recent reviews, incorporating the effects of macrofoulmg in 
seawater piping systems of ships, coastal power stations, sonar domes and moored océanographie 
instruments have been made by Haderlie (1984), Edyvean (1987) and Jenner et al. (1997). 
Biofouling problems In power stations 
Fouling of cooling water systems by aquatic organisms is a problem of considerable economic 
significance to many power plants (Fischer et al., 1984; Nalepa and Schloesser, 1993, Claudi and 
Mackie, 1994). Biofoulmg-mduced problems in power plants roughly fall under four categones viz. 1. 
blockage of free flow of water in the cooling conduits and consequent mechanical damage to pumps, 
2. clogging of condenser tubes, 3. reduction in heat transfer efficiency across heat exchanger surfaces 
and 4. acceleration of corrosion (Woods Hole Océanographie Institution, 1952, Fischer et al., 1984; 
Neitzel et al., 1984; Nair, 1990, Rajagopal et al., 1991a, 1991b). The fouling also has potential to affect 
raw water systems including back up cooling loops provided for safety-related cooling systems in 
nuclear power plants (Neitzel et a l , 1984). Several incidents of plant shut-down due to fouling have 
been reported from various parts of the world (Imbro and Gianelli, 1982, Rams et a l , 1984; Neitzel et 
a l , 1986; Rajagopal, 1991; Sasikumar, 1991; Jenner and Janssen-Mommen, 1993, Nalepa and 
Schloesser, 1993, Claudi and Mackie, 1994) The revenue loss from the shut-down of a 500 MWe 
(megawatt electricity) power plant has been estimated to be in the order of NLG 250,000 per day (Nair, 
1987). The number of studies on biofouling of coastal electrical power plants is few (Hoshiai, 1964; 
Collins, 1968, Board and Holmes, 1972; Relmi et a l , 1980; Brankevich et al., 1988, Rajagopal et al., 
1991 a; 1991b; 1996) and most of these studies relate to problems encountered in temperate waters. 
Moreover, detailed studies on the community structure of biofouling assemblages and other ecological 
parameters such as growth rate and settlement are lacking. 
Ecology of fouling organisms 
In order to develop an effective and yet environmentally benign antifouhng strategy, a good deal of 
information is needed regarding the quantitative and qualitative aspects of fouling organisms. These 
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aspects include the seasonal variations in settlement and factors controlling the development of the 
community (Hillman, 1977; Relini, 1984). The type and amount of fouling, and their development on 
marine structures, generally vary with time, latitude, depth and distance from the shore (Woods Hole 
Océanographie Institution, 1952; Barnes, 1972; Smedes, 1984; Venugopalan, 1987; Venugopalan and 
Wagh, 1990). In investigations on the ecology of fouling communities, factors responsible for primary 
production are extremely significant as they act as a limiting factor for secondary production. Survival 
of the larvae of fouling animals depends on the amount of food available and therefore, larval release 
by major fouling animals (e.g. mussels, barnacles etc.) is often timed to coincide with phytoplankton 
blooms (Crisp, 1984). 
The processes of bioiouling 
The first step in the fouling process in natural systems is the deposition of complex high molecular 
weight polymeric substances of biological origin which occurs as soon as a synthetic or engineering 
material is submerged in the sea (Lewin, 1984). This primary event is followed by absorption of 
chemotactic pioneer bacteria which, in turn, is followed by the colonisation of a variety of bacteria that 
produce large quantities of extracellular polymeric substances so as to bind the bacteria to the 
surfaces (Little, 1984). Further colonisation by stalked bacteria is followed by diatoms, other microalgae 
and protozoans, and eventually the surface film becomes highly complex with the settlement of 
macrofouling algae (Wahl, 1989). Settlement of larvae on surfaces is known to be influenced by a 
variety of physical and ecological parameters such as colour and texture of the substratum, water flow, 
temperature, light, presence of other organisms etc. (Abarzua and Jakubowski, 1995). However, larval 
settlement and environmental interactions are extremely complex and much research is needed before 
details of the mechanisms are unravelled. 
Abiotic and biotic factors 
The influence of environmental features on the settlement and progression of fouling communities is 
an aspect of considerable significance in the study of the fouling problem and its control. Differences 
in the settlement pattern of sedentary benthic organisms have been reported to be directly or indirectly 
related to seasonal abiotic changes in the physical environment, such as temperature (McDougall, 
1943; Southward, 1958; Lewis, 1963; Menon, 1972; Sutherland and Karlson, 1977), salinity (Shaw, 
1960; Kinne, 1963; Menon et al., 1977; Rajagopal et al., 1990), nutrient availability (Levington, 1972; 
Lubchenco, 1978; Lubchenco and Menge, 1976), light (Coleman, 1933; Woods Hole Océanographie 
Institution, 1952; Kinne, 1971; Venugopalan, 1987) and turbidity (Сое and Allen, 1937; Fuller, 1946; 
Sasikumar et al., 1989). Barnes (1972) stated that settlement patterns of fouling organisms were likely 
to differ between tropical and temperate conditions, with a tendency for settlement to be continuous 
in the tropics and periodic in temperate areas. Frequent short-term changes in the hydrographical 
conditions of temperate waters have been reported as a reason for discontinuous settlement (Woods 
Hole Océanographie Institution, 1952; Smedes, 1984). Scheltema and Carlton (1984) stress that the 
differences observed in the fouling communities are not only due to geographical variations, but also 
due to large-scale changes within a given area. Other workers (Sutherland, 1974; Sutherland and 
Karlson, 1977; Osman, 1978) have also reported the influence of focal hydrographical conditions on 
the development of fouling communities. Generally, factors that affect the rate of metabolic activity, 
physiological tolerance, phytoplankton productivity and larval availability can be expected to bring about 
changes in fouling intensity (Barnes, 1957; Connell and Orias, 1964; Kinne, 1971; Levington, 1972; 
Himmelman, 1975; Sutherland, 1981). Since most fouling organisms are filter feeders that depend on 
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a continuous supply of planktonic food from the adjoining water column, factors which ultimately affect 
planktonic food supply can be expected to affect the fouling organisms also. In other words, this strong 
coupling of sedentary benthic life (which causes the most severe biofoulmg) to fluctuations in 
planktonic flora and fauna is very important from the point of view of the distribution and intensity of 
fouling. 
Apart from environmental factors such as light, temperature, salinity, organic matter, turbidity, 
waves, tides, currents, light, physical structure of the substratum etc. which influence biofoulmg 
development (Graham and Gray, 1945; Сое, 1946, Kinne, 1971; Unnikrishnan Nair, 1990), there are 
biotic factors such as prédation (Menge, 1976, Sousa, 1980, Selvaraj, 1984), competition for space 
(Connell, 1961; Connell, 1970, Dayton, 1971), physical disturbance by neighbouring species (Menge, 
1976, Jackson, 1977, Dean, 1981) and differences in competitive abilities (Sutherland, 1974; Buss and 
Jackson, 1979) which play very important roles in deciding the direction in which fouling succession 
may progress. 
Biofouling studies in India 
In the coastal waters of India, studies carried out so far on marine fouling have dealt mainly with the 
distribution and abundance of the different species and their variation in different locations A 
bibliography of the work done has been prepared by Wagh (1983). Some of the more important 
contributions from India are Paul (1942), Nagabhushanam (1953), Daniel (1954), Ganapati et al 
(1958), Wagh (1965), Nair (1967), Karande (1968), Menon and Nair (1971), Menon et al. (1977), Rao 
and Ganapati (1978), Godwin (1980), Renganathan et al (1982), Selvaraj (1984), Sawant (1985), Anil 
(1986), Venugopalan (1987), Nair et al. (1988), Sasikumar et al. (1989,1991,1992), Rajagopal(1991) 
and Rajagopal et al (1990,1991a, 1995a, 1995b, 1996). 
Biofoulmg studies carried out in ports and harbours on the Indian coast have been reviewed 
by Santhakumaran (1990), while Satyanarayana Rao (1990) has reviewed all the data available from 
the east coast Studies related to estuaries and backwaters have been reviewed by Unnikrishnan Nair 
(1990) A perusal of all the literature reveals that the data are asynchronous Thus, Karande (1990) 
emphasised the urgent need for continuous research and development efforts using a multidisciplinar/ 
approach. 
Biofouling studies in Kalpakkam 
Prior to the present study, Godwin (1980) and Karande et al. (1983) studied various aspects of 
biofouling in Kalpakkam waters during the preoperational phase of the atomic power plant. 
Subsequently, studies were continued by Nair et al. (1988) and Sasikumar et al (1989) However, all 
these earlier efforts have been confined to coastal waters. The present study has been earned out in 
and around the cooling circuit of the Madras Atomic Power Station (MAPS), Kalpakkam (12°33'N and 
80Ί1Έ) about 65 km south of Madras on the east coast of India. The problem of manne fouling is 
particularly severe at Kalpakkam, where the power station uses seawater for condenser cooling 
purposes At MAPS, the greatest problem caused by biofoulmg has been a drop in the water level in 
the forebay thereby affecting pump submergence (Rajagopal et al., 1989, Rajagopal et al., 1991b). In 
addition, there has been blockage and resultant damage of intake screens necessitating their 
replacement (Nair, 1987) Organisms growing inside the intake tunnel have been observed to 
contribute to the large quantities of organic and inorganic debris which are deposited in the forebay 
pump chambers (Venugopalan and Nair, 1990). Hard shells of mussels were also found to block the 
condenser tubes, thus reducing the plant efficiency for power generation (Nair, 1990) Although the 
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Table 1. Review of literature on mussel fouling with respect to power plant cooling systems 
Place 
Cos Cob, 
USA 
Lynn harbour, USA 
California, 
USA 
Perry nuclear power plant, 
Lake Ene, USA 
Electric Power Research 
Institute, Palo Alto, USA 
Brighton power station, 
UK 
Poole power station, 
UK 
East Yelland power station, 
UK 
Marchwood power station, 
UK 
Tir John and Blvth power 
stations, UK 
Central Electricity Generating 
Board, Leatherhead, UK 
Wadden Sea, 
The Netherlands 
Aspect 
Response of Mytilus edulis to 
continuous chlonnation 
Mussel control and chlonnation 
Heat treatment for M edulis 
control 
Control program for Dreissena 
polymorphe 
Impact and control of D 
polymorpha 
Settlement and growth of M 
edulis in cooling conduits 
Mussel control by ultrasonics 
Settlement and growth of M 
edulis in cooling conduits 
Effect of low-level chlonnation on 
M edulis 
Chlonnation schedules and M. 
edulis settlement 
Response of M edulis to 
chlonnation 
Response of M. edulis to 
chlonnation 
Chlonnation and mussel control 
Biology of M edulis 
Physical methods of mussel 
control 
Chlorine minimisation in mussel 
control 
Authors 
Dobson, 1946 
White, 1950 
Chadwick et al., 1950 
Graham et a l , 1975,1977 
Stock and Strachan, 1977 
Barton, 1993 
Griffiths et a l , 1989 
McMahon, 1990 
White, 1963a 
White, 1963b, 1964 
Holmes, 1967 
White, 1966 
Holmes, 1968 
Welstead, 1967 
Holmes, 1970a, 1970b 
Whrtehouse, 1975,197Θ 
Lewis, 1983,1984,1985 
Jenner, 1980 
Jenner, 1982 
Jenner, 1983,1985 
Jenneretal, 1997 
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Table 1 (continued) 
Place 
Rhine River (Hollandsen Diep), 
The Netherlands 
Velsen and Hemweg power 
stations (Noordzeekanaal) 
The Netherlands 
Tyrrhenian power 
station, Italy 
Necochea power station, 
Argentina 
Madras atomic power station, 
India 
Aspect 
Monitoring and control of D 
polymorphe 
Authors 
Jenner and Janssen-
Mommen, 1993 
Biology and control of Mytilopsis Rajagopal et al, 1994a, 1995a 
leucophaeta 
Fouling settlement in cooling 
conduits 
Comparative study on biofouling 
settlement 
Operational problems associated 
with biofouling 
Observations in cooling circuits 
Heat treatment for mussel control 
Response of Pema vmdis to 
chlonnation 
Relimetal., 1980 
Relim, 1984 
Brankevich et al, 1988 
Rajagopal et al, 1989 
Venugopalan and Nair, 1990 
Rajagopal, 1991 
Rajagopal et al, 1991a, 1991b 
Rajagopal et al, 1994b, 
1995b, 1995c 
Rajagopal et al, 1995d 
Power stations of Ontano Hydro, 
Canada 
Mussel control and chlonnation Rajagopal et al, 1996 
Strategies for D polymorpha 
control 
Claudi and Evans, 1993 
Claudi and Mackie, 1994 
problems outlined above are likely to be encountered in any power station using seawater as a coolant 
to a greater or lesser extent, comprehensive studies in this area are surprisingly very few. Some of 
the more important ones are listed in Table 1. 
Mussels as biofoulants 
With regards to power plants, mussels are known to be the most problematic fouling organisms 
(Jenner, 1980; Neitzel et al., 1984,1986; Rajagopal, 1991). Mussels attach to any solid substratum 
by means of byssus threads. The cooling water system of a power station constructed with metal or 
concrete provides an abundance of suitable substratum for mussel settlement (Holmes, 1970a, Neitzel 
et al., 1984). At Kalpakkam, the seawater intake tunnel of MAPS contains a well developed fouling 
community, dominated by the green mussel, Pema viridis (L.) According to an earlier estimate, the 
total biomass lodged inside the tunnel is about 578 tonnes, out of which the green mussels alone 
contribute 410 tonnes (Rajagopal et al., 1991a). Mussels consume dissolved oxygen, phytoplankton 
and detritus from the water and release faeces, pseudofaeces and ammonia, thereby considerably 
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altering the water quality In turn, these changes have implications for the operation of the plant For 
example, there has been a problem of heavy siltation in the forebay pump chambers, this being 
caused primarily by mussels (Venugopalan and Nair, 1990) An increase in the suspended load of the 
water may result in it getting trapped in the biofilm on the condenser tubes, thereby reducing its heat 
transfer efficiency The ammonia excreted by the foulants reduces the efficacy of chlorine, by reaction 
with hypochlorous acid, to produce chlorammes which have been reported to be a less effective 
antifoulmg agent than hypochlorous acid (Opresko, 1980; Jenner et al., 1997). It is also likely that 
ammonia may corrode the condenser tubes which are made of copper based alloys such as aluminium 
brass. 
The tropical mussels 
The tropical green mussel, Pema viridis (L ) is a characteristic species of the fauna of midlittoral and 
sublittoral zones where they often constitute dense populations and play a very important role in the 
ecology of rocky shore ecosystems. Despite this, detailed studies regarding the biology of the mussels 
in Indian waters have been very few (Paul, 1942, Rao, 1990; Rajagopal, 1991 ) In comparison, studies 
on blue mussel, Mytilus edulis L. in temperate waters have been more comprehensive (Seed and 
Suchanek, 1992 and references therein). In a masterly treatise, Bayne (1976) has summed up all our 
present understanding on the biology and ecology of M. edulis. 
The major distinguishing characters between genus Pema (tropical mussels) and genus 
Mytilus (temperate mussels) can be found in Siddall (1980). He lists three species belonging to the 
genus Pema Pema viridis (L ), Ρ canaliculus (Gmelin) and Ρ pema (L). These three species are 
reported to be difficult to differentiate other than by their geographical distribution (Siddall, 1980). 
Kunakose (1980) describes brown mussel, P. indica Kuriakose & Nair which seems to be confined to 
a limited area around the southern tip of India Interestingly, Kunakose (1980) uses the same major 
characteristics to distinguish Ρ indica to P. viridis as does Siddall (1980) to differentiate P. pema from 
Ρ viridis. Therefore, it is possible that the name P. indica is in fact a synonym of P. pema (Vakily, 
1989). The diagnostic characters of P. vinas and Ρ indica are presented in Table 2 
Another tropical mytilid, Modiolus stnatulus Hanley is a common fouling species along the east 
coast of India. M. stnatulus is morphologically similar to other Modiolus species (e g. Modiolus 
metcalfei Hanley). The shell is triangular with the umbones sub-terminal and the anterior region 
somewhat inflated M stnatulus is easily recognised by its brownish green shell patterned with 
numerous ribs arising from the umbones. 
Control measures 
Two of the most commonly used fouling control measures in coastal power stations are chlormation 
and heat treatment. At MAPS, chlormation has been adopted. However, there are many problems 
associated with the use of chlorine as an antifoulant because of its high cost, difficulty in handling and 
dosing and environmental concerns due to discharge of effluents (Wackenhuth and Levine, 1977). 
Other chemical injectables like ozone and chlorine dioxide are reportedly more effective but are more 
expensive than chlorine. Environmental pollution abatement programmes launched by various 
governments have led to severe restrictions being placed on the use of many of these chemicals. For 
example, following conclusive evidence that organometallic compounds cause damage to natural 
ecosystems, many countries have imposed restrictions on the use of these toxins for antifoulmg 
purpose (Costlow and Tipper, 1984). Recent research (Gibbs and Bryan, 1994) has shown that 
organotm compounds induce sex reversal (imposex) in Neogastropoda (e.g. Nucella lapillus L). In the 
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Table 2. Diagnostic characters of green mussel, Pema viridis (L.) and the brown mussel, Pema indica 
Kunakose & Nair 1976 (modified after Kunakose 1980). 
Conchological features Pema viridis Pema indica 
Shells* Thick, equrvaive, inequilateral, elongate 
and triangularly ovate m outline 
Thick, equrvalve, inequilateral, elon-
gate and triangularly ovate m outline 
External colour of shells 
Maximum size 
Anterior side of the shell 
Postenor margin' 
Ventral shell margin 
Dorsal ligamental margin 
Mid-dorsal margin 
Mantle margin colour 
Ventral mantle margin 
Size of hmge plate 
Hinge teeth 
Antenor adductor muscle* 
Muscle scars' 
8yssus apparatus 
Foot' 
Résiliai ndge' 
Postenor byssal retractors' 
Excurrent aperture opening 
Green or bluish green 
230 mm (shell length reported) 
Pointed, beak-like and down turned 
Rounded 
Highly concave 
Curved 
Arcuate 
Yellowish-green or light green 
Inner fold of the posterior ventral mantle 
margin thin, extensible, smooth, 
tentacles or papillae absent 
Thick, broad, extends slightly to the 
ventral border 
Two small on the left valve and one on 
the nght valve 
Absent 
Deeply impressed 
Large and situated at the postenor 
base of the foot 
Finger-shaped, thick and extensible 
Thick, white and highly pitted 
Two short and thick bundles 
Mouth oval and wide, passage into the 
mantle cavity small, restricted by replum 
and rectum and posterior adductor not 
visible through the opening 
Brown (light or dark) 
121 mm (shell length reported) 
Pointed, umbonal beaks poorly 
developed and slightly down turned 
Rounded 
Straight 
Straight 
A distinct dorsal angle or hump 
present 
Brown (light or dark) 
Inner fold of the posterior mantle 
margin ven; thick, not extensible and 
provided with 16-22 thick branching 
tentacles 
Thick, narrow and terminal 
One large on the left valve and a 
corresponding depression on the 
right valve 
Absent 
Deeply impressed 
Large and located close to the base 
of foot 
Finger-shaped 
Thick, white and highly pitted 
Two short and thick bundles 
Mouth and passage into the mantle 
cavity are of same width, rectum and 
postenor adductor prominently visible 
through the opening 
' Similarities 
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case of chlorine, it has been shown that byproducts of chlorine include carcinogenic compounds such 
as tnhalomethanes (Fischer et al., 1984) Power stations are therefore required to ensure that their 
cooling water effluents do not contain any detectable amount of chlorine (see Jenner et al., 1997 for 
legislation and regulatory controls on use of biocides in power station cooling waters). Thus, it has 
become imperative to generate data on the optimum level of chlonne required for efficient biofouhng 
control. 
Under such circumstances, researchers in this field have been searching for novel antifouhng 
techniques using non-toxic chemicals or other environmentally compatible methods In recent years, 
heat treatment has shown the greatest potential to emerge as a better and environmentally more 
benign method (Rajagopal et a l , 1995b). Some power plants in The Netherlands and United States 
have long used heat treatment as a method for biofouhng control (Graham et a l , 1975, Stock and 
Strachan, 1977, Jenner, 1982, Rajagopal et al., 1997). Heat treatment has the disadvantage in that 
it involves a production penalty In spite of this, it is being practised in Californien coastal waters and 
the Dutch Wadden sea where the ambient sea surface temperatures in summer are 21 5 °C and 18 
°C, respectively In a tropical country like India, thermal control of macrofoulmg would appear to be an 
elegant idea as the ambient sea surface temperature (30 °C) is very close to the lethal temperature 
of most marine life Therefore, the temperature increase required to obtain mortality of foulants would 
be far less than that needed in temperate waters. 
Objectives 
The present study was organised with a view to collect data on biofouhng and related aspects in the 
cooling conduit and coastal waters of Kalpakkam. The objective has been to study 
1. The type and quantity of fouling life in the cooling conduit as well as the fouling debris arriving on 
screens with a view to assess the magnitude of the power plant fouling problem 
2. Settlement periods of different fouling species and progression of fouling community succession 
3. Seasonal variations in reproductive cycle, breeding periodicity, spat fall and growth rate of the 
most dominant fouling animal, the green mussel, Pema viridis 
4 Response of fouling mussels, particularly Ρ viridis, P. indica and Modiolus stnatulus to control 
measures like heat treatment and chlormation. 
Outline of the thesis 
The thesis is divided into ten chapters Chapter 1 gives an introduction to the problem of marine 
biofoulmg in tropical coastal power stations. Areas such as operational problems, lack of relevant 
literature especially in tropical waters, and scope for future work in this area are highlighted. Chapter 
2 reports the distribution of macrofoulants (qualitatively and quantitatively) with regards to season and 
depth in the coastal waters of Kalpakkam. Attempts have also been made to follow the patterns of 
ecological succession during different penods of the year. Chapter 3 deals with some general 
observations on the biofouhng in the seawater intake tunnel of Madras atomic power station, including 
the nature of fouling organisms, their total biomass, relative importance of different fouling groups by 
weight and number, thickness of fouling layers at vanous depths and size frequency distribution of the 
major fouling species, Pema viridis. Chapter 4 discusses the chlonnation measures adopted for 
Chapter 1 9 
biofouling control in the power station since its commissioning (1983) and highlights the short-comings 
encountered in the past. Chapter 5 deals with relevant aspects of the biology of green mussels which 
are important in the context of its control. Chapter 6 and 7 report on the lethal and sublethal responses 
of green mussels to different levels of chlorine and temperature in laboratory experiments. These 
chapters (6 and 7) also examine the efficiency of two major control regimes, namely chlormation and 
heat treatment, which have potential as successful methods of mussel control. Similar expenments 
were carried out on two other species of tropical mussels namely, Perna indica and Modiolus stnatulus, 
and the results are presented in chapter θ and 9, respectively. Chapter 10 summanses the 
observations of the study. 
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Seasonal settlement and succession of fouling communities in Kalpakkam, east 
coast of India 
Abstract 
Seasonal distribution and community succession of macrofoulants were studied using concrete panels 
in the coastal waters of Kalpakkam for a period of two years. The panels were suspended at 1 m, 4 
m and 7 m depths and categorised into short-term and long-term exposures A total of 105 fouling 
species were recorded The major fouling organisms observed were hydroids, barnacles, mussels, 
anthozoans and ascidians. Considerable faunistic and biomass variations were noticed both with 
respect to season and depth The month of panel exposure had a significant influence on the 
succession of fouling communities. On the short-term panels, the maximum fouling biomass was 64 
kg m2 in 30 days at 4 m depth, whereas on the long-term panels, it was 250 kg m2 after 216 days at 
4 m depth A companson with the biomass values reported from elsewhere shows that biomass build-
up in Kalpakkam coastal waters is one of the highest ever reported Such a very high biomass 
accumulation is due to the extremely dense settlement of mussels, especially the green mussel, Pema 
viridis (L). 
Introduction 
A review of the literature on settlement and colonisation of sedentary benthic fauna indicates that most 
of these studies have been prompted either by an academic interest in the ecological processes 
underlying the phenomenon, or by operational problems associated with some kind of maritime activity 
(WHOI, 1952; Osman, 1978; Rajagopal, 1991, Nandakumar, 1996) Though the techniques used for 
a study of this nature are largely similar, being based on the exposure of test panels for known periods 
of time, the parameters which are studied might vary depending on the objectives of the researcher 
Some workers were largely interested in the seasonal variations and ecological succession in the 
community and factors responsible for it (Dayton, 1971; Connell and Slatyer, 1977; Smedes, 1984) 
Other workers showed interest in the changes occurring in the quality and the quantity of fouling over 
short periods of time and correlated it with such factors as environmental parameters, larval availability, 
settlement preferences and other ecological processes (Sutherland and Karlson, 1977, Venugopalan, 
1987; Smedes and Hurd, 1981). Quantitative variations in biofouhng are generally expressed in terms 
of biomass, percentage cover, numerical density and/or frequency of occurrence. Lewis (1981) made 
a comparative study of these methods and concluded that biomass and panel coverage were better 
indices of fouling development than either numerical density or frequency. 
The assemblage of fouling organisms on an exposed surface depends obviously on the 
species which are naturally present at a given site as well as their ability to attach and grow on that 
surface (Hillman, 1977). Although over 4000 species have been reported in the process of fouling 
(Cnsp, 1984), only a few species make up the potential problem-species of interest to power plant 
operators (Rajagopal, 1997) The species of foulants and their settlement periods and biomass vary 
from power plant to power plant and an understanding of these aspects is very important in order to 
develop an economic and safe antifoulmg measure. Therefore, several studies have been conducted 
in different sea areas in this context (Relmi, 1984; Brankevich et a l , 1988). The present paper reports 
results of panel studies on the vertical distribution and biomass of macrofoulants with season and 
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depth vis-a-vis environmental conditions in the Kalpakkam coastal waters where seawater is used for 
condenser cooling in a nuclear power plant. 
Fig.1 .a. Map showing the Kalpakkam on the east coast of India. Figures in circles indicate the total 
number of fouling taxa reported in each location. 
b. Schematic representation of the Madras Atomic Power Station intake tunnel showing 
sampling location (not drawn to scale; MSL = Mean sea level). 
Materials and methods 
Study area 
Madras Atomic Power Station (MAPS), Kalpakkam is situated (12°33'N and 80°11'E) about 65 km 
south of Madras on the east coast of India (Fig. 1a). Seawater (35 m3 sec') for condenser cooling in 
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the power plant, is drawn through a sub-seabed tunnel which is located 53 m below mean sea level 
(MSL). The seawater cooling system consists of an intake structure (located 420 m away from the 
shore in the sea), tunnel (468 m long and 3.8 m diameter) and forebay (Fig. 1b). A tunnel connects 
the forebay and pump house to an intake structure. From the intake shaft, water flows by gravity into 
the forebay. At the forebay, 12 pumps draw the seawater and circulate through the condensers and 
other heat exchangers. The coolant seawater flow when all the 12 pumps are running, works out to 
be about 3 m sec ' (Rajagopal, 1991). The sampling station is located near the intake area of MAPS 
where seawater is taken for condenser cooling (Fig 1b) Water depth at this site is 8 m For the further 
details of the cooling circuits see Rajagopal et al. (1991). 
Seasons at Kalpakkam can be conveniently classified into four (Rajagopal, 1991 ) South-West 
monsoon (July - September), North-East monsoon (October - December), Post monsoon (January -
March) and Summer (April - June). 
Hydrographie conditions 
Surface water samples were collected at fortnightly intervals from Apnl 1988 to March 1990 Water 
temperature was measured with a thermometer to 0.1°C accuracy. Salinity was estimated by the Mohr 
Knudsen method and dissolved oxygen content was measured by Winkler's method (Strickland and 
Parsons, 1972). Light penetration was measured with a Secchi disc and seston by filtenng over 
Millipore filter paper of 0 45 μπ\ porosity (Stnckland and Parsons, 1972). Dissolved nutrients (nitrite, 
nitrate, inorganic phosphate and reactive silicate) and chlorophyll-a were analysed following procedures 
outlined by Parsons et al (1984). 
Panel studies 
Experimental concrete panels (20 χ 20 χ 20 cm) were suspended with nylon ropes at depths of 1 m, 
4 m and 7 m in the Kalpakkam coastal waters. The panels were categorised into short-term exposures 
(A-series) and long-term exposures (B and C-senes). The short-term panels were suspended (two 
panels at each depth) and withdrawn at monthly intervals and foulants collected from 100 cm2 to follow 
the pattern of their seasonal settlement. The long-term panels (24 numbers) of the B-senes were all 
suspended ( 2 x 1 2 panels at each depth) together, but were withdrawn at the rate of two every 30 
days and samples were collected from 100 cm2 (as in the case of short-term panels), in order to study 
the succession of fouling communities. The C-senes panels (two panels at each depth) were 
suspended successively at 30 day intervals and retrieved together after one year with a view to study 
the relationship between the primary settlers and the climax community. Altogether 72 panels were 
collected in each year (3 senes χ 24 panels). Each panel was studied with regard to wet biomass, 
species composition and percentage coverage of the panels (visual estimation) by different foulants. 
Results and discussion 
Fouling organisms 
The total number of taxa involved in the process of fouling in Kalpakkam waters was found to be 105 
(see Appendix). A companson between the present work and earlier research earned out at other 
localities along the Indian coast reveal that the fouling community in Bombay waters compnsed of 85 
taxa (Venugopalan, 1987). On the west coast, 42 and 65 biofoulmg taxa have been recorded in the 
Goa (Anil and Wagh, 1988) and in the Cochin harbour (Nair and Nair, 1987), respectively. On the east 
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coast, Balaji (1988) has reported 121 taxa at Visakhapatnam harbour whereas at Kakinada only 37 
taxa have been recorded (Rao and Balaji, 1988). Although a direct comparison in species diversity 
between different locations is not justified owing to the differences in the exposure methodology, 
substratum and level of systematic identification, the number of species observed at Kalpakkam might 
possibly be one of the highest on panels exposed to seawater. 
Hydrographical conditions 
The water temperature varied from 25.8°C (December 1989) to 31.7°C (October 1989) in the 
Kalpakkam coastal waters (Fig. 2). The temperature data were characterised by two well defined 
maxima: one in May-June and the other in October. Similarly, two minima were also observed during 
July-August and December-January. Such a bimodal type of oscillation in water temperature has been 
reported to be a common phenomenon for several of the warmer areas investigated in the regions 
around the Indian peninsula (Rajagopal, 1991). The salinity values (Fig. 2) ranged from 24.8 
(November 1989) to 35.7%o (June 1988). The seasonal distribution of surface salinity was, in general, 
characterised by a minimum in the month of November following heavy rainfall. In contrast, relatively 
high salinity values were observed in the summer months (May-June). The dissolved oxygen values 
ranged between 3.38 and 6.63 mg Г1 (Fig. 2), but did not indicate any clear seasonal pattern during 
the study period. The seston values ranged from 9.1 (September 1988) to 59.7 mg Г1 (April 1988). 
Relatively higher values were observed during summer and NE monsoon periods (see Fig. 2). The 
higher values during summer are probably due to higher phytoplankton productivity whereas those 
during NE monsoon are caused by land drainage (Rajagopal, 1991). The Secchi disc values varied 
from 35 (November 1988) to 310 cm (September 1989). In general, the Secchi disc values during NE 
monsoon were lowest when compared to other seasons (Fig. 2). Kalpakkam receives the bulk of the 
annual rainfall during the NE monsoon period (Rajagopal, 1991) and the heavy inflow of turbid water 
following rains apparently results in poor light penetration. The nutrient concentrations (nitrite, nitrate, 
inorganic phosphate and reactive silicate) were generally higher during the NE monsoon period and 
lower during the summer period (Fig. 2). The seasonal distribution of chlorophyll-a was characterised 
by relatively high values during summer months and ranged from 0.5 to 12.4 mg m3 (Fig. 2). The high 
summer values are probably due to increased light intensity that, coupled with higher salinity and 
temperature, make the environment suitable for the production of phytoplankton. The lower 
concentration of chlorophyll-a during the NE monsoon period, inspite of increased availability of 
nutrients, is probably due to low light penetration resulting from the turbidity of suspended silt as 
reported by earlier workers (see Rajagopal, 1991). 
Seasonal settlement on short-term (A-series) panels 
Hydroids 
Hydroid settlement occurred almost throughout the year at all depths (Fig. 3). In general, peak 
settlement of hydroids was observed during the NE monsoon period. Moreover, hydroids were 
particularly abundant at 7 m depth. Such preferential depthwise settlement of hydroids has also been 
reported by Hughes (1977) and Boero (1984). The influence of light on the settlement of hydroids is 
not well understood (Boero, 1984), although hydroid larvae are generally known to be negatively 
phototrophic. Though this is their general behaviour, observations contrary to this have also been 
reported. For example, Hughes (1977) demonstrated that light has no influence on the behaviour of 
the hydroid Nemertesia antennina (L). As for other fouling species, hydroids have been also found in 
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Fig.2. Seasonal variations in the hydrographie parameters in Kalpakkam coastal waters from April 
1988 to March 1990. 
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the deepest oceanic waters in absolute darkness (Vervoort, 1966). Generally, they tend to avoid well 
illuminated sites. The present observation, wherein greater settlement was found at 7 m, probably 
indicates a preference by some hydroid species for dimly illuminated surfaces. At this point, it is worth 
mentioning that hydroids are an integral part of the fouling community residing inside the intake tunnel 
under conditions of absolute darkness (Rajagopal et al., 1991). 
Fig.3. Seasonal variations (% coverage) in the settlement of principal fouling organisms on short-term 
Α-senes panels at different depths in Kalpakkam coastal waters from April 1988 to March 1990. 
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Anthozoans 
Anthozoans, also a prominent group among fouling assemblages, were represented by Aiptasia sp. 
and Sagartia sp. on the Α-senes panels (Fig. 3) Major settlement of anthozoans was observed during 
October 1Э , April-May 1989, and October-December 1989 at all depths. Settlement was less or 
absent dunng SW monsoon and Post-monsoon periods No settlement variation of anthozoans with 
depth was observed in Kalpakkam coastal waters. 
Barnacles 
Among the different fouling groups, barnacles represented by Megabalanus tmtinnabulum, Balanus 
reticulars, B. amphitnte, B. vanegatusvar. cirratus, Chironaamaryllisvar. euamaryHis and Chthamalus 
malayensis were found to be the most dominant on A-senes panels. Barnacle settlement was 
continuous with three peaks during March-Apnl, July-September and November at 1 m and 4 m (Fig. 
3) However, settlement rates were relatively low at 7 m where two prominent peaks were seen during 
March-Apnl and November. The settlement pattern of barnacles observed dunng this study shows 
similarities to previous studies conducted in the Kalpakkam coastal waters (Godwin, 1980, Nair et a l , 
1988; Sasikumar et al., 1989). It is reported that settlement of some barnacles is influenced by 
illumination Brankevich et al. (1988) and Sasikumar et al. (1989) have observed that barnacles prefer 
illuminated areas. However, increased settlement of barnacles on darkened or shaded surfaces has 
been documented by Dahlem et al. (1984) and Venugopalan (1987). Data obtained in the present 
study showed more abundant settlement of barnacles at 1 m and 4 m depths which receive reasonably 
good illumination, as compared to 7 m (see Fig. 3). 
Green mussels 
Settlement of green mussel, Pema viridis was generally observed during Apnl to November with two 
peaks; one during May-June and the other in October. However, the second peak was of shorter 
duration and with lesser spat settlement The two peaks coincided with corresponding seasonal 
temperature maxima at Kalpakkam (Fig 2). Seasonal settlement of mussel spat observed during the 
present study shows some similarities to previous studies carried out on the east coast. In Madras 
harbour, Paul (1942) recorded the settlement of this species during March to November with a distinct 
peak during August-September. However, Selvaraj (1984) has reported that P. wnd/s from Kovalam 
and Ennore, a little north of Kalpakkam, bred almost continuously with two peaks; one in June and the 
other in October. He also showed that, as in the present instance, peak settlement periods coincided 
with relatively high temperatures at both sites. Hrs-brenko (1973) has demonstrated a relationship 
between the larval availability of mussels and their subsequent settlement on substratum in the 
northern Adriatic sea. Pieters et al. (1980) and Newell et al (1982) have opined that the availability 
of food resources may influence spawning, larval abundance and settlement of mussels A correlation 
between spawning periodicity, availability of food resources and salinity has been demonstrated by 
Mymt and Tyler (1982). In the present study, settlement of mussels was observed to be at its 
maximum dunng summer in the Kalpakkam coastal waters when relatively high temperatures, salinity 
and chlorophyll-a prevailed. From these observations it is reasonable to conclude that increased 
temperature conditions combined with higher salinity and adequate food availability may serve as major 
factors influencing the breeding and spawning periodicity of mussels as reported by Seed (1969). 
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Modiolus spp. 
Settlement of Modiolus spp. showed a maximum during August - September (Fig. 3). However, 
settlement was relatively low during October to March. Moreover, no depth-wise variation of settlement 
was observed. 
Ascidians 
Ascidians are a very important group of fouling organisms having a world-wide geographical distribution 
(WHOI, 1952). It has been reported that in temperate waters only a single generation is established 
each year, but in tropical areas there are two to four generations per year (Goodbody, 1962; Miller, 
1974). For example, Miller (1958) reported that the ascidian breeding season is restricted to a short 
period in Scottish waters. On the other hand, Goodbody (1961 ) stated that ascidians bred continuously 
throughout the year in Kingston harbour, Jamaica. In the present study also, ascidians were found to 
be continuous breeders, although settlement rates were found to be highest from February to June 
(Fig. 3). It is interesting to note that the settlement of ascidians was more frequent at 1 m depth than 
at 4 m and 7 m. This is probably due to the photopositive behaviour of ascidian tadpole larvae 
(Goodbody, 1961 and 1962). 
Other fouling organisms 
Settlement of bryozoans (Ectoprocta) was generally confined to January - May. However, they seemed 
to have their peak settlement from February to March when the recruitment and growth of other 
species were reduced considerably. Furthermore, settlement was found to be relatively high at 7 m 
as compared to the other depths studied. Such a depth preference in bryozoan settlement has also 
been observed earlier (Sasikumar et al., 1989). It is also experimentally demonstrated that larvae of 
most bryozoan species exhibit a change from photopositive to photonegative behaviour during the pre-
swimming period of their life (Ryland, 1960). Settlement of sponges, polychaetes, snails, brown 
mussels (Perna indica) and clams was also occasionally noticed on the panels. Absence of 
macroalgae from the fouling community at Kalpakkam was possibly due to competition, prédation and 
grazing (Carpenter, 1990). In general, sessile plants and animals need to be firmly anchored to the 
substratum in order to photosynthesise as well as to obtain food particles, dissolved gases and 
nutrients from the surrounding medium. However, studies on fouling competition have shown that 
certain fouling species (e.g. mussels and barnacles) are more successful spatial competitors and 
frequently overgrow or displace other fouling species (Richmond and Seed, 1991). Therefore, 
competition for space is often recognised as an important organising force in many epifaunal 
communities (Ryland, 1976; Jackson, 1977; Osman, 1977). 
The pattern of fouling in the Kalpakkam coastal waters with respect to depth indicates certain 
interesting features. The most important constituent of the fouling community namely, green mussels 
settled at 4 m in greater abundance than at other depths (Fig. 3). Barnacles were observed in 
abundance at 1 m and to a lesser extent at 4 m. Hydroids and bryozoans, on the other hand, were 
mostly found at 7 m. Ascidians were dominant in the surface waters. Anthozoans and Modiolus spp., 
however, did not show any definite pattern in their distribution with depth. It is reasonable to assume 
that the fouling community in Kalpakkam coastal waters, consisting of a wide variety of organisms (105 
taxa), has evolved a strategy for colonisation of a surface by which interspecific competition is reduced 
to a great extent by some kind of a vertical zonation. In this way, each group, which are mostly 
suspension feeders, creates an ecological niche for itself. 
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Fouling on long-term (B-series) panels 
In the Kalpakkam coastal waters, considerable settlement of green mussels, ascidians and barnacles 
was first observed on the long-term panels (B-series) exposed in April at 1 m and 4 m (Fig. 4). During 
May to January, the mussel community remained largely unaffected by the other fouling organisms. 
Fig.4. Seasonal distribution of foulants and their abundance (% coverage) on long-term B-series 
panels at different depths in Kalpakkam coastal waters from April 1988 to March 1989. 
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Ascidians were absent in October and November and were again observed on the panels in 
December. The absence of ascidians coincided with the onset of the NE monsoon period when low 
salinities prevailed in the coastal waters (Fig. 2). Fully developed ascidian colonies, especially of 
Symplegma brakenhielmi and Didemnum psammathodes, covered green mussels, barnacles and other 
fouling organisms by the end of March and formed a climax community along with green mussels at 
1 m (Fig. 4). However, at 4 m, the domination by green mussels was total and formed a climax 
community in March occupying >85% of the panel surface (Fig. 4). At 7 m, mussels and ascidians 
contributed to a coverage of <20% and co-dominance with barnacles and hydroids was observed. 
An exposure strategy involving short-term panels is ideal for studying seasonal settlement 
patterns in the fouling community. However, to follow long-term changes or succession occurring within 
the community, cumulative panels (B-senes) are more suitable. In an environment where the 
substratum is a limiting factor, organisms colonising it employ a wide range of competitive strategies 
(Scheer, 1945; Sutherland and Karlson, 1977; Smedes and Hurd, 1981 ; Nandakumar, 1996). However, 
local factors may play very important roles, modifying the competitive capabilities of a species so that 
a particular type of species which may become dominant in a particular environment may not do so 
in a different environment. In the present study, data from the Kalpakkam coastal waters indicate that 
the fast growing and competitively superior green mussels establish a dominance on a panel surface 
such that most of the other fouling organisms are left with little space to settle. Competitively dominant 
species, such as mussels, are often successful due to their large body size, fast growth rate, extended 
longevity and prolonged larval life (Richmond and Seed, 1991). Ascidians, however, constitute a 
notable exception and are able to overgrow the mussels because of their peculiar growth 
charactenstics Similar observations have also been made by Osman (1977), Dean and Hurd (1980) 
and Smedes (1984). Ascidians are capable of surviving a high degree of partial damage or mortality 
by virtue of their mode of growth. Moreover, many clonal organisms (eg ascidians) produce 
secondary substances which have anti-microbial and toxic or noxious properties (Dyrynda, 1986). 
Ascidians are well known to employ high concentrations of vanadium or low pH bladder cells in the 
tunic as antifouling mechanisms (Stoecker, 1978). Such an ability to produce secondary substances 
may result in superior competitive ability and defensive mechanisms against other fouling species 
(Jackson, 1977; Dean, 1981). At 7 m, where green mussel colonisation was found to be relatively low, 
opportunistic species such as barnacles and hydroids became the dominant species. 
Species colonisation curves on panels over a period of 12 months, are presented in Fig 5, 
along with reported literature values from areas at different latitudes (Schoener et a l , 1978; Richmond 
and Seed, 1991 ). As expected, the diversity of fouling assemblages (i.e present study) is higher in the 
tropics when compared to temperate waters (i.e. higher latitudes). Frequent short-term changes in the 
hydrographical conditions of temperate waters have been reported to induce discontinuous settlement 
(WHOI, 1952). However, the tropical marine environment is less cyclical and recruitment occurs at a 
more or less constant level resulting in the continuous accumulation of fouling organisms. The most 
obvious difference was in the initial colonisation rates of different species on the experimental panels 
(Fig. 5) In temperate zones, a slow and continuous increase in the number of species was observed. 
In contrast, the number of taxa after exposure increased more rapidly in the tropics for three months, 
but there after, the number of taxa decreased and fluctuated. 
Fouling on long-term C-senes panels 
Data on the mode of fouling succession on C-senes panels at different penods are given in Fig. 6. The 
dominant community was found to be different on panels immersed during different months of the year. 
Green mussels emerged as the dominant species on panels immersed in April, whereas panels 
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immersed in July were dominated by barnacles and Modiolus spp (Fig 6) Panels immersed in 
October and January showed a co-dominance of barnacles, hydroids and to some extent green 
mussels Depth-dependent variation was also observed as in the case of Α-senes and B-senes panels. 
Fig.5. Colonisation curves (number of taxa) on panels submerged in early summer at Kalpakkam 
(present data) along with reported values on colonisation curves (panels submerged in spring-
early summer) of Schoener et al. (197Θ) from Thailand, Hawaii (average number of taxa), 
Washington, Newfoundland and Alaska (modified after Richmond and Seed, 1991). 
The time of panel initiation and the duration of panel exposure has been reported to be 
important in determining the composition, succession, and/or development of the fouling community 
(Dayton, 1971; Dean, 1981; Nandakumar, 1996) Osman (1977), Sutherland and Karlson (1977), Dean 
and Hurd (1980) and Smedes (1984) demonstrated the importance of initial colonisers on subsequent 
community development. In the present study, the significance of colonisation by mussels on the 
subsequent development of the fouling community is well illustrated in the data from the C-senes 
panels. Since peak settlement of the mussels occurs during Apnl - June, any panel initiated during this 
period, as well as one or two months immediately proceeding it, shows mussels as the dominant 
community by the end of the year. On the contrary, panels initiated dunng July, October and January, 
ultimately end up with the co-dominance by barnacles, Modiolus spp. and hydroids. 
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Fouling biomass 
Seasonal biomass (wet weight) values in Α-series were characterised by relatively high values during 
summer (May - June) at all depths (Fig. 7). A maximum biomass value of 64.2 kg m"2 was recorded 
at 4 m depth. A secondary maximum was also recorded at the same depth in October 19Θ8 (37.7 kg 
m'2). The maximum biomass observed in May - June was largely due to heavy settlement of green 
mussels, P. viridis, barnacles, Megabalanus tintinnabulum and ascidians, Didemnum psammathodes 
I 
75 -
60 -
E 45 
£ 
•f 30 
15 
Short-term panels (A-series) 
(1 m) - C D - (4 m) ^ ^ (7 m) 
J I I I I L· _ I _ J I I I I I I I I I L 
A M J J A S O N O J F M A M J J A S O N D J F M 
1988 1M9 1990 
300 
250 
— 200 
«V 
E 
σ> 
«• 150 
'i 100 
50 
Long-term panels (B-series) 
- · - (1m) - o - ( 4 m ) - Δ - (7m) 
150 200 250 
Number ol days 
400 
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and Aplidium multiplicatum. The period November to February was characterised by relatively low 
biomass values at all depths. This is possibly due to the lowering of salinity as a result of heavy rainfall 
during NE monsoon (see Fig. 2). The lowest biomass value of 7.4 kg m'2 (November, 1988) was 
observed at 7 m depth. 
Fig.8. Monthly variations of relative abundance (wet weight) of green mussel, Perna viridis on the 
long-term B-series panels at different depths in Kalpakkam coastal waters. 
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Fouling biomass values of B-series panels were generally characterised by two maxima at 1 
m and 4 m depths (Fig. 7). At 1 m, the first maximum was observed in July after 122 days (188 kg m'2) 
and the second in October after 216 days (201 kg m'2). At 4 m depth, the first maximum was recorded 
in October after 216 days (250 kg m'2) and the second in February after 340 days (237 kg m"2). 
However, at 7 m, biomass values did not show any definite seasonal pattern and a maximum value 
of 84 kg m'2 was observed in June after 92 days. At all depths, the total weight of fouling organisms 
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was often dominated by the green mussel, P. viridis (Fig. Θ). The weight of P. viridis (over the period 
of one year) was strongly correlated with the total weight of fouling organisms (0.96<r<0.99, Ρ < 0.001 ; 
Fig. 9). 
Biomass data available from the literature are compiled and presented in Table 1. A 
comparison of the biomass values reported in the literature with those obtained during the present 
study shows that the biomass build-up in Kalpakkam coastal waters is probably one of the highest ever 
reported. A biomass value of 113 kg m"2 over a period of 2 months has been recorded by Riggio 
(1979) in Palermo harbour, Sicily, whereas, the maximum value reported from the Indian coast (other 
than Kalpakkam) before the present study is 78 kg m'2 at Visakhapatnam harbour (Rao, 1990). In the 
present study, the highest biomass value recorded was 250 kg m'2 after 216 days at a depth of 4 m. 
The very high biomass values at all depths were due to the extremely dense settlement of the green 
mussel, P. viridis. 
Conclusions 
1 . A high number of diverse fouling taxa occur in Kalpakkam waters. Settlement of these organisms 
is highest during summer in accordance with relatively high temperature, salinity and chlorophyll-a. 
2. The time of panel initiation, depth and the duration of panel exposure are most important in 
determining the composition, succession and development of the fouling community. At 
Kalpakkam, the green mussels emerged as the dominant community on panels initiated between 
April and June. The panels immersed during July, October and January were co-dominated by 
the barnacles, Modiolus sp. and hydroids. 
3. Fouling biomass build-up in Kalpakkam is one of the highest ever reported in literature. This is 
mainly due to the extremely dense settlement of green mussel, P. viridis. Data on total weight of 
fouling organisms and weight of P. viridis is highly correlated. 
4. Eventhough there is a high diversity of fouling taxa in Kalpakkam, one species green mussel, P. 
viridis is the most problematic fouling species. 
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APPENDIX 
List of fouling organisms' collected from test panels in the Kalpakkam coastal waters 
Poniera 
Callyspongiidae 
Callyspongia diffusa (Ridley) 
Tedaniidae 
Tedania anhelans (Lieberkühn) 
Mycalidae 
Mycale mytilowm Annandale 
Coelenterata 
Campanulanidae 
Obelia bidoniate Clarke 
Obelia dichotoma (Linnaeus) 
Obelia geniculate (Linnaeus) 
Clytia gracilis (M Sars) 
Pennanidae 
Pennana disticha Goldfuss 
Bougainvillndae 
Bf/пела vestita Wright 
Aplasia sp 
Sertulamdae 
Sertulana sp 
Sagartiidae" 
Sagartia sp 
Ectoprocta 
Bicellanidae" 
Bugula sp 
Electndae 
Electra sp 
Acanthodesm sp 
Aldenna arabianensis Menon & Nair 
Membranipondae" 
Membranipora sp 
Annelida 
Nereidae" 
Permereis sp 
Platinareis sp 
Pseudonereis sp 
Nereis sp 
Spionidae 
Polydora sp 
Sabellidae 
Dasychone sp 
Sabellestarte sp 
Serpulidae 
Ficopomatus sp 
Hydroides sp 
Hydroides elegans (Haswell) 
Hydroides dirampha Môrch 
Hydroides uncinatus complex 
Hydroides cf albiceps (Grube) 
Se/pu/a vermiculans sensu auct 
Arthropode 
Pycnogonidae 
Pycnogonum indicum Sunder Raj 
Balamdae 
Megabalanus tmtinnabulum (Linnaeus) 
Balanus amphitnte Darwin 
Chirona amaryllis Darwin var euamaryllis Brach 
Balanus reticulars Utonomi 
Balanus vanegatus Darwin var ci/rafus Harding 
Chthamalus malayensis Pilsbry 
Talrtndae 
Hyate honoluluensis Schellenberg 
Corophiidae 
Corophium madrasensis Nayar 
Corophium tnaenonyx Stebbing 
Cerapus abditus Templetoli 
Gammandae" 
Me/rfa sp 
Amprthoidae 
Paragrubia iwaxChevreux 
Ampeliscidae 
Ampelisca zamboangae Stebbing 
Mollusca 
Patellidae 
Cellana rote rote (Gmelm) 
Trachidae 
Euchelus asper Gmelm 
Muricidae 
Thais buto Lamarck 
Thais blanlordi (Melvill) 
Thais fissoti (Petit) 
Drupella rugosa (Bom) 
Ranellidae 
Lampusia piteare (Linnaeus) 
Cymatium cingulatum Lamarck 
Architectonicidae 
Architectonica perspectiva (Linnaeus) 
Pholadidae 
Pholas orientate Gmelm 
Tumlellidae 
Tumtella acutangula Lmnaeus 
Nassarndae 
Bullía melanoses (Deshayes in Belanger) 
Lrttonnidae 
Uttoram (Uttorana) undulata (Gray) 
Potamididae 
Centtvdea (Centhtdeopsilla) cmgulate (Gmelm) 
Cypraeidae 
Palmadusta gracilis (Gaskoin) 
CHrvidae 
Olivancillana gibbosa (Born) 
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Appendix (continued) 
Dondidae 
Discodons concinna Alder & Hancock 
Dendrodondidae 
Donopsilla miniata Alder & Hancock 
Tergipedidae 
Caloña militans Alder & Hancock 
Arcidae 
Arca avellana Lamarck 
Barbata fusca (Bruguière) 
Cardiidae 
Acanthocardis carenata (Schroeter) 
Vepncardium coronatum (Spengler) 
Venendae 
Timoclea arakana (G & H Nevill) 
Ims exoticus (Hanley) 
Paphia textile (Gmelin) 
Tellinidae 
Tellina angulata (Gmelin) 
Carditidae 
Beguina variegata Bruguière 
Ostreidae 
Crassostrea madrasensis Preston 
Saccostrea cuculiata Bom 
Ptemdae 
Pinctada anomioides Reeve 
Pinctada chemmtzi (Philippi) 
Pinctada margarinerà (Linnaeus) 
Chamidae 
СЛата reflexa Reeve 
Chama lazarus Linnaeus 
Chama tragrum Reeve 
Pseudochama cnstella Lamarck 
' Occasional visitors such as seaweeds, Xanthidae, 
and fishes are not included in the list 
" Some more species are to be identified 
Mytilidae 
Pema vmdis (Linnaeus) 
Pema indica Kunakose & Nair 
Modiolus modiolus sensu auct 
Modiolus stnatulus Hanley 
Modiolus undulata Dunker 
Modiolus metcaltei Hanley 
Modiolus periragilis Dunker 
Modiolus philippinarum Hanley 
Echinodermata 
Ophiundae" 
Ophiothnx exigua Lyman 
Amphioplus graveyln James 
Holothuna spinilera Theel 
Ophtactta savignyi Muller & Hancock 
Chordata 
Urochordata 
Didemnidae 
Didemnum psammatnodes Sluiter 
Diplosoma macdonaldi Herdman 
Lissoclinum fragile Van Name 
Polychnidae 
Aplidium multiplication Sluiter 
StyelKJae 
Symplegma brakenhielmi Michaelson 
Symplegma vinde Herdman 
Styela bicolor Sluiter 
Botrylloides тадпко сит Hertmeyer 
Potycarpa sp 
Ascidndae 
Ascidia zara Oka 
Ascidiella aspersa Müller 
ι, Grapsidae, Majidae, Alphididae, Hippolytidae, Palmundae 
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Chapter 3 
Some observations on biofouling in the cooling water conduits of a 
coastal power plant 
S. Rajagopal, N. Sasikumar, J. Azariah & K.V.K. Nair 
BiofoulingZ: 311-324 (1991) 
Some observations on biofouling in the cooling water conduits of a coastal 
power plant 
Abstract 
Biofouling of cooling water conduits is a problem common to all coastal power stations using 
seawater as a heat sink. Madras Atomic Power Station has been facing the problem of fouling 
induced flow resistance of cooling water in its submarine tunnel leading to a drop in water level 
beyond design limits in the forebay. Inspection of the tunnel system by a diving team with the help 
of a Remotely Operated Vehicle (ROV) revealed severe fouling by the green mussel, Р гпа viridis 
(L) in the tunnel. This paper reports qualitative and quantitative data on the fouling within different 
areas of the tunnel system. 
Introduction 
Steam power generating stations are increasingly being located in the coastal areas because of the 
easy availability of unlimited cooling water for the condensing phase of steam turbine operation. In 
seawater cooling systems, biofouling by marine invertebrates is generally a problem of consi­
derable interest in the context of ensuring smooth and efficient operation of the power plant; 
species which cause fouling problems in cooling water systems vary from power plant to power 
plant. A thorough understanding of the settlement periods, growth rates and the extent of fouling is 
essential for the formulation of preventive measures, which are effective and economical (Hillman, 
1977; Relini, 1984). 
Different aspects of biofouling in Indian coastal waters have been studied by several 
authors (Paul, 1942; Daniel, 1954; Menon et al., 1977; Renganathan et al., 1982, Venugopalan and 
Wagh, 1990). However, studies with reference to power plant cooling systems are relatively few. 
Some attempts in this direction have been those of Wesley (1960), Karande et al. (19 З), Nair et 
al. (1988) and Sasikumar et al. (1989) in the Kalpakkam coastal waters. 
Many power plants use underwater divers not only for cleaning submarine tunnels but also 
for locating and evaluating the extent of fouling in such systems (Collins, 1969; Scotton et al., 
1983; Daling and Johnson, 1985). Such an inspection was also carried out at the Madras Atomic 
Power Station (MAPS), India, by a team of divers during the period 9 to 16 December 1987. During 
the inspection, a remotely operated vehicle was also used to obtain visual images of the fouling 
population as well as a measure of the thickness of the fouling layer on the tunnel walls. The 
inspection was necessitated mainly by a significant drop in water level in the forebay (over and 
above the design limits) affecting adversely the operation of the seawater pumps. 
The present paper deals with the fouling organisms found in the tunnel, their total biomass, 
relative proportions of different fouling groups by weight and number, thickness of fouling at various 
depths and the length-frequency distribution of the major foulant, viz. the mussel, Pema viridis. 
Attempts have also been made to confirm the relationship between fouling thickness and biomass. 
Materials and methods 
Description of the site 
The Madras Atomic Power Station (MAPS) consisting of two units, each with an installed capacity 
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of 235 Mw(e) is situated at Kalpakkam (12°33'N and 80Ί1Έ) about 65 km south of Madras on the 
east coast of India (Fig. 1). The station uses a sub-seabed tunnel for drawing cooling water from 
the coastal waters. The cooling water requirement for the two units operating at full power is about 
35 m3 sec"1. The seawater cooling system consists of an intake structure, located 420 m away from 
the shore in the sea. A tunnel 468 m long and 53 m below Mean Sea Level (MSL), connects a 
forebay and pump house to an intake structure (Fig. 2). The tunnel is horse-shoe shaped, 3.8 m in 
diameter and has a connection at the seabed end to the surface through a vertical shaft 4.25 m in 
diameter. At the landward end, the tunnel has a connection to the forebay through another vertical 
shaft, which is 6 m in diameter and 53 m deep. The tunnel slopes (1:250) from the seaward to the 
landward end. 
20 
X ^ 
Bombay 
Arabian sea 
Indian ocean 
20 
- 10 
Fig.1. Map showing the Madras Atomic Power Station (MAPS) reactors and adjoining submarine 
tunnel. 
Seawater enters the intake shaft through 16 windows each 3.2 m high and 2 m wide, 
located radially on the intake structure. From the intake shaft water, flows by gravity into the 
forebay. At the forebay, 12 pumps (6 for each unit) draw seawater and circulate it through the 
condensers and other heat exchangers. The water is discharged on shore through an outfall 
structure with a built-in facility to change the direction of flow with the aid of sluice gates. The 
coolant seawater flow velocity when all 12 pumps are running works out to be about 3 m sec'1 
(MAPS Design Manual, 1975). MAPS unit I was commissioned in July 1983. Chlorination based on 
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an intermittent schedule (1 to 2 mg I"1 residual at outfall for 1 h, once in β h) has been in use in the 
cooling water system as a biofouling control measure since 1979. 
Forebay&pwrp house 
Fig.2. Schematic diagram of the MAPS submarine tunnel showing 27 sampling points (not drawn 
to scale). + and - = levels above and below Mean Sea Level. 
Tunnel inspection 
The tunnel system was inspected by a diving team aided by a ROV during 9 to 16 December 1987. 
The ROV took video pictures of marine life in the forebay shaft, intake shaft and tunnel, and also 
measured the thickness of the fouling layer with the help of a graduated measuring probe mounted 
in front of the camera. The divers collected samples of marine life from 225 cm2 quadrats and also 
measured the thickness of marine growth by means of a graduated iron rod in 27 different 
locations (see Fig. 2). Samples of marine life collected by the divers from the submarine tunnel 
were analysed for total biomass (wet weight) and number. The samples were subsequently sorted 
to species level and the biomass and abundance of individual species determined. Shell length of 
P. viridis, the major foulant in the samples, was recorded by using a vernier calipers with an 
accuracy of 0.02 mm. These data were used to analyse the length-frequency distribution in 
different samples. A separate experiment was carried out from April 19ΘΘ to April 19Θ9 to obtain 
growth rates of the mussels in order to assess the age of the mussel population in the tunnel. The 
experiment consisted of monthly measurements of shell length of P. viridis from screens placed 
across the intake windows. 
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Methods of statistical analysis 
(1) Data on the number of species and the abundance of individual species were used to calculate 
ecological indices. 
The relative importance of each species in the community is given by the Shannon-
Weaver index (Odum, 1971) and is calculated using the following expression: 
ni ni 
Η " = - Σ — In — 
Ν Ν 
where ni is the importance value for each species and N the total importance of values. 
Another ecological index was the species-richness index (Margalef, 1958), which is defined 
as: 
D = S-1/ln N 
where S ¡s the number of species and N the total number of individuals. 
The distribution of individual species was assessed using the uniformity or evenness index 
of Pielou (1966) which is given by the equation: 
FT 
In S 
where Ris the Shannon index and S the number of species. 
(2) A regression analysis was performed using the thickness of fouling and total biomass data to 
quantify the correlation between the two. 
Results 
The species list of fouling organisms is given in Table 1. Biomass values of the fouling (kg m"2) at 
the 27 sites are presented in Table 2. The samples consisted of 5 quadrats from the intake shaft, 
12 from the forebay shaft and 2 from inside the horizontal conduit. In addition, data of samples 
obtained from the outer wall of the intake structure are also given. The maximum value recorded 
was 211 kg m"2 observed inside the forebay shaft at a depth of 22.5 m. The minimum value of 35 
kg rrf2 was also recorded in the forebay shaft at a depth of 5 m. The average biomass values for 
the intake and forebay were 70 and 105 kg m"2 respectively. Only two samples could be collected 
from the conduit which gave an average biomass of 66 kg m'2. The average biomass value for the 
outer wall of the intake structure was 62 kg m~2. 
The total biomass of fouling (including dead shells) in the entire tunnel system was also 
estimated based on the biomass levels in different sections. This was found to be 578 tonnes, of 
which the contribution of green mussels alone was 410 tonnes. 
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Table 1. List of fouling organisms observed in the cooling system of the Madras Atomic Power Station 
Phylum : Porifera 
Sponges 
Callyspongia diffusa (Ridley) 
Mycale mytilorum Annandale 
Tedania anhelans (Lieberkuhn) 
Phylum: Coelenterata 
Hydroids 
Obelia bidontata Clarke 
Sertularia sp. 
Sea anemones 
Sagariia sp. 
Gorgonium 
Gorgonia (Leptogomia) minacea Esper 
Echinogomia sp. 
Phylum: Ectoprocta 
Bryozoans 
Electra sp. 
Acanthodesia sp. 
Bugula sp. 
Phylum: Annelida 
Tube worms 
Setpula vermicularis sensu auct. 
Hydroides elegans (Haswell) 
Ftcopomatus sp. 
Phylum: Arthropode 
Barnacles 
Balanus amphitrite Darwin 
Balanus reticulars Utonomi 
Chirons amaryllis Darwin var. 
euamaryllis Brach 
Megabalanus tintinnabulum (Linnaeus) 
Phyllum: Mollusca 
Green mussels 
Pema viridis (Linnaeus) 
Brown mussels 
Pema indica Kuriakose & Nair 
Phylum: Mollusca continued 
Oysters 
Crassostrea madrasensis Preston 
Pinctada anomioides Reeve 
Pinctada chemnifzi (Philippi) 
Saccostrea cuculiata Bom 
Modiolus spp. 
Modiolus modiolus sensu auct. 
Modiolus undulata Dunker 
Modiolus striatums Hanley 
Modiolus philippinarum Hanley 
Clams 
Beguina variegata (Bruguière) 
Arca avellana Lamarck 
Cnama reflexa (Reeve) 
Irus exoticus (Hanley) 
Timoclea arakana (G & H Nevill) 
Paphia textile (Gmelin) 
Donax cuneatus (Linnaeus) 
Snails 
Euchelus asper Gmelin 
Drupella rugosa (Born) 
Thais blanforti (Melvill) 
77ia/s bufo Lamarck 
Thais fissoti (Petit) 
Gyrineum natator (Roeding) 
Palmadusta gracilis (Gaskoin) 
Lampusia piteare (Linnaeus) 
Phylum: Echinodermata 
Brittle stars 
Amphioplus graveylii James 
Ophiothrix exigua Lyman 
Phylum: Chordata 
Subphylum: Urochordata 
Ascidians 
Didemnum psammathodes Sluiter 
Lissodinum fragile Van Name 
Symplegma brakenhielmi Michaelson 
Diplosoma macdonaldi Herdman 
The relative abundance (numerical as well as weights) of the twelve groups of organisms 
encountered in the tunnel are given in Tables 3 and 4, respectively. It may be seen that 
numerically, Modiolus spp. constituted the most important foulant. However, Pema viridis is found 
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Table 2. Fouling biomass at the 27 sites in the cooling system of Madras atomic power station. 
Sampling position 
1 Samples (rom the tunnel 
II Samples from the outerwall of 
intake structure 
Sample 
number 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
Depth (m) 
Intake- 3 
Intake- 3 
Intake- 9 
Intake -18 
Intake-18 
Forebay- 5 
Forebay- 6 
Forebay- 6 
Forebay- 7.5 
Forebay -12 
Forebay - 22.5 
Forebay - 36 
Forebay - 48 
Forebay - 48 
Forebay - 49 
Forebay - 50 
Forebay - 53 
Inside tunnel · I 
Inside tunnel -1 
Seaward side -
Landward side 
Seaward side -
Landward side 
Seaward side -
Landward sede 
Seaward side -
Landward side 
3m 
3m 
(49 m) 
(53 m) 
seabed 
- seabed 
1 
-1 
4 
-4 
8 
-8 
Total 
biomass 
(kg m') 
39.0 
41.2 
36.0 
129.3 
106.0 
34.6 
75.6 
142.3 
47.1 
161.5 
211.1 
132.2 
98.7 
100.4 
41.7 
103.3 
110.0 
58.9 
72.8 
30.4 
117.9 
14.4 
70.7 
85.2 
85.1 
46.2 
44.1 
to be the major contributor towards biomass, the percentage composition ranging from 29.7 to 
91.8%. Other groups which contributed significantly in terms of both number and biomass were 
barnacles, snails, oysters and brown mussels. 
An analysis of the length-frequency distribution of P. viridis showed a bimodal distribution 
in the intake shaft, tunnel and to a lesser extent, in the forebay shaft. However, most of the 
population was composed of 7 to 13 cm sized animals in the forebay, intake and tunnel (Fig. 3). 
Outside the tunnel, mussels were mostly from the 5 to 8 cm size group (Fig. 3). Experiments on 
the growth rate of mussels on the intake screens (Fig. 4) showed that the animals achieved a shell 
length of 27 +1 .0 mm in 49 days (31 May 1988) and 119 ± 2.1 mm in 375 days (22 April 1989). 
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Flg.3. Length-frequency distribution of green mussel, Pema viridis in tunnel samples. 
The maximum values of diversity indices, as measured by Shannon-Weaver information 
function (H) and evenness of Pielou (J) were found to be 0.20 ± 0.03 and 0.72 ± 0.03 respectively 
and these values were obtained for samples from outside the intake structure. The richness index 
indicated a maximum value of 1.29 ± 0.16 which was found in the tunnel section (Table 5). 
Table 5. Mean diversity indices and standard deviation of Shannon-Weaver (FT), evenness (J) and 
species richness (D) for 27 sampling points in the cooling conduits of Madras atomic power station. 
ff 
Outside tunnel 
Intake 
Tunnel 
Forebay 
1.1980 + 0.13 
0.6805 + 0.11 
1.0803 + 0.15 
0.8594 + 0.46 
0.7199 + 0.03 
0.3774 + 0.07 
0.5069 + 0.09 
0.4039 + 0.19 
0.9340 + 0.06 
0.9189 + 0.26 
1.2852 + 0.16 
1.2725 + 0.45 
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Fig.4. Mean growth rate of mussels at intake gates of MAPS (shell length + SE; η = 25-30) from 
April 1988 to April 1989. 
A regression analysis of the data of fouling thickness and biomass (Fig. 5) has shown that 
thickness is significantly correlated with biomass (r = 0.90), as expected. 
210 
180 
.— 150 
«51 
Bio
ma
ss
 
(kg
 
m
 
8 
S 
60 
30 
η 
-
-
-
-
• 
ι 
» • 
l _ 
У = 
ι 
:6.ЭЭХ 1-0.84 (г = 0.90; Ρ < 0.001) 
У' • 
I 1 ι 
• 
ι 
12 16 20 24 28 
Thickness (cm) 
Fig.5. Relationship between fouling thickness and fouling biomass in the MAPS submarine tunnel 
system. 
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Discussion 
Studies on the biofouling problem at Kalpakkam during the pre-operational phase of the power 
plant (Wesley, 1980, Karande et al., 19Θ3) had predicted that barnacles of Balanus sp. would be 
the dominant fouling organism in the cooling system. However, the present study clearly 
demonstrates that tunnel fouling is actually dominated by mussels of the species P. viridis. The 
earlier studies were conducted by exposing test panels near the intake area and drawing 
conclusions based on the results thus obtained. This example points to the potential dangers 
involved in extrapolating test panel data to predict the extent and types of fouling in specialised 
environments such as cooling conduits. The fate of bivalves within a cooling conduit is partially 
dependent on the flow rates within the system (Neitzel et al., 1984). Flow velocities less than 1.2 m 
sec1 are known to allow mussel larvae to settle. However, flow velocities below 0.1 m sec' may 
not provide adequate food and oxygen or facilitate removal of metabolic wastes fast enough to 
allow dense mussel growth (Henager et al., 1985) It is also known that if velocities are too fast to 
allow settlement, bivalves cannot become established (Lewis, 1964). In the present instance, the 
observed maximum biomass of 211 kg m 2 represents a very dense population of mussels. It is 
quite likely that seed mussels must have settled on the tunnel walls dunng a shutdown period or 
when only one or two pumps were operating. Once established, mussel communities are known to 
withstand velocities ranging from 1.5 to 2.5 m sec1 (Collins, 1964; Burton and Liden, 1978). 
Earlier studies have shown that the average monthly biomass build-up at Kalpakkam 
coastal waters amounts to 4 kg m 2 with a possible yearly maximum of about 80 kg m2. It was also 
pointed out that this rate is among some of the highest values ever reported (Karande et al., 1983). 
The present data show a maximum value of 211 kg m 2 on the forebay shaft walls This value is 
quite high when compared to those reported from test panels (25 kg m 2 in 1 year) as well as light 
ships (40 kg m 2 in 11 months) from other sea areas (Woods Hole Océanographie Institution, 
1952). Although a direct comparison is not justified owing to the differences in the exposure 
duration and other variables, the values observed at Kalpakkam might be amongst the highest 
rates of biomass build-up on surfaces exposed to seawater The nearest value reported in the 
literature is 64 kg m2 in 21 weeks from the water intake tunnels of a power station at Lynn, 
Massachusetts (Woods Hole Océanographie Institution, 1952). 
Several studies have reported relatively rapid rate of growth in mussels, P. viridis from 
Indian waters (Paul, 1942; Rao et al., 1975; Wesley, 1980; Selvaraj, 1984) compared with rates 
reported from elsewhere (Seed, 1969, Thiesen, 1973; Hargreaves, 1977; Chalfant et al., 1980; 
Jenner, 1980; Page and Hubbard, 1987) In the present study, a growth rate of 119 ± 2.1 mm in 
one year was observed at the intake gates and was found to be much higher than other values 
reported, i.e. 93 mm (Narasimham, 1980) from the east coast and 96 mm (Rao et al., 1975) from 
the west coast of India. It is often considered that major factors regulating the growth of mussels 
are water temperature, food availability, physical disturbance and population density (Boetius, 
1962; Harger, 1970 and 1972; Hickman, 1979; Kautsky, 1982; Rodhouse et a l , 1984) In the 
present study, no difference between the temperature near intake gates and coastal waters was 
observed. Thus, enhanced food supply due to continuous flow of water (Holmes, 1967; Jenner, 
1980) is probably the single most important factor influencing the higher growth rate of mussels on 
the intake gates. The length-frequency distnbution (Fig. 3) of mussels tend to suggest a 
progressive increase in mussel size from outside the intake structure (mode = 7 - 8 cm) through 
the intake shaft (mode = 8 - 9 cm) and tunnel (mode = 9 -10 cm) to the forebay shaft (mode = 9 -
10 cm). Since seed mussels are entenng the tunnel system through the intake gates, the size 
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distributions either suggest some movement of mussels from the intake to forebay or clearly 
differential growth rates in the different sites. 
The Shannon-Weaver diversity Indices and evenness indices are higher outside the intake 
structure as compared to the forebay, tunnel and intake shafts (Table 5). This is possibly due to 
the fact that the natural population existing outside the shaft is not subjected to any environmental 
stress like chlorination, hydrostatic pressure, water flow, etc. The richness index shows higher 
values in the tunnel and forebay, as compared to the other two sites. This points to the possibility 
that the tunnel and forebay are ideal places for settlement and growth of certain selected species 
like P. viridis and Modiolus spp. (Table 3). It is observed that the productivity of mussels is very 
high in the tunnel possibly due to the increased food availability as a result of the flow of water 
(Perkins, 1974; Jenner, 1982). It is also possible that prédation (Jenner, 1980) inside the tunnel 
system is reduced to a great extent because of the peculiar conditions existing there, e.g. high flow 
rate and perpetual darkness (Rains et al., 1984; Neitzel et al., 1984). 
Marine mussels are generally found in shallow sublittoral waters. In the present study, they 
have been collected from depths up to 53 m. They were found in association with brown mussels, 
clams, barnacles, sea anemones and hydroids. Since the seawater tunnel at Kalpakkam is an 
artificial habitat causing a depth of 53 m to be encountered on the shore line, the occurrence of 
mussels at this depth cannot be considered as a natural distribution. However, it is of scientific 
interest to note that not only green mussels but Modiolus spp., snails, barnacles, and several other 
groups of marine life which are generally intertidal in their distribution, have colonised this unique 
habitat. This Is possible due to the high flow of rate surface water through the conduit leading to 
increased availability of food. The possibility of using such a tunnel system as an experimental 
model to study community ecology of benthic intertidal organisms is also being investigated 
(Venugopalan and Nair, 1990). 
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Chlorination and mussel control in the cooling conduits of a tropical coastal 
power station 
Abstract 
The rationale for the present study has been the continued problem of biofouling in the cooling 
conduits of Madras Atomic Power Station (Kalpakkam); in spite of intermittent chlorination used as a 
fouling control measure. A diver-assisted inspection of the tunnel proved that the green mussel, Pema 
viridis (L) was the major component of the fouling community inside the cooling conduits. Maximum 
biomass value recorded was 211 kg m'2, observed inside the forebay shaft at a depth of 22.5 m. The 
total biomass of fouling in the entire tunnel system was estimated to be 578 tonnes, of which the 
contribution by P. viridis alone was 411 tonnes. High-level chlorination, followed by continuous low-
level chlorination brought large quantities of sessile biomass from the tunnel to travelling water screens 
(TWS). A total biomass of about 187 tonnes of fouling debris was collected from TWS during February 
1988 to January 1990. Of these, P. viridis accounted for 164 tonnes. The size-frequency distribution 
of P.viridis collected on the TWS clearly showed that the appearance of young mussels (0 - 2 cm shell 
length) was correlated with the breeding pattern of green mussels in the adjacent coastal waters. The 
present study proved that intermittent chlorination is an ineffective method for mussel control in the 
power station cooling conduits. Continuous high-level chlorination is useful for dislodging established 
mussel communities from intake tunnels. 
Introduction 
Most nuclear power stations are strategically placed in close proximity to the sea, with a view to make 
use of the cheap and abundant source of seawater as a heat sink. Settlement and growth of fouling 
organisms in the cooling systems of these stations often constitute a problem of considerable 
economic significance (Jenner, 1980; Brankevich et al., 1988). Four categories of biofouling-induced 
problems in power stations can be distinguished; blockage of free flow of water in the cooling conduits 
and consequent mechanical damage to pumps (Neitzel et al., 1984), clogging of condenser tubes 
(Henager et al., 1985), reduction in heat transfer efficiency (Rajagopal et al., 1994a) and acceleration 
of corrosion (Fischer et al., 1984). Apart from this, fouling in nuclear power stations has the potential 
to affect raw water systems, including back up cooling loops provided for safety related cooling 
systems (Neitzel et al., 1986). Although the problems outlined above are likely to be encountered in 
any power station using seawater as a coolant to a greater or lesser extent, comprehensive studies 
in this area are surprisingly very few (Graham et al., 1975; Jenner, 1982; Lewis, 1985; Rajagopal, 
1991). 
Madras Atomic Power Station (MAPS) is situated 65 km south of Madras on the east coast 
of India. MAPS experienced a severe pressure drop beyond the stations operational design limit in the 
forebay (Nair, 1990) and flow blockage (by mussel shells) in the condenser tubes due to heavy growth 
of calcareous fouling organisms in the cooling systems (Rajagopal et al., 1991a). The station 
operators, prompted by such fouling induced flow-reduction, conducted diving inspections of the 
seawater intake tunnel with the help of a Remotely Operated Vehicle (ROV). The samples collected 
by divers and ROV photographs showed extensive growth of fouling organisms, dominated by the 
green mussel, Pema viridis (L.) in the sub-seabed tunnel. After tunnel inspection, MAPS switched over 
to high-level chlorination in January 1988 to dislodge the excessive growth of mussels, followed by 
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continuous low-level chlorination to control recolonisation and maintain satisfactory flow of cooling 
water. 
The present paper focuses on the problem of flow-reduction due to biofouling, relative biomass 
and composition of different fouling organisms at various depths from diver collected samples, the 
chlorination schedule used to remove excessive biofouling growth and data on the subsequent removal 
rate of different foulants from MAPS intake tunnel. Attempts have also been made to confirm the 
relationship between removal of fouling debris and seawater volume transport in the cooling conduits 
of MAPS. 
Materials and methods 
Site description 
Madras Atomic Power Station (MAPS) consisting of two units, each with an installed capacity of 235 
Mw (e), is situated at Kalpakkam (12°33'N and 80Ί1Έ) on the east coast of India. The cooling water 
requirement for the two units operating at full power is about 35 m3 sec'1. The seawater cooling system 
consisting of an intake structure, is located 420 m away from the shore in the sea (Fig. 1). A tunnel, 
466 m long and 53 m below mean sea level (MSL), connects the forebay and the pump house to an 
intake structure. At the forebay, 12 pumps (6 for each unit) draw seawater and circulate it through the 
condensers and other heat exchangers. The coolant seawater velocity when all the 12 pumps are 
running, works out to be about 3.5 m sec'1 in horizontal section of the tunnel (Madras Atomic Power 
Station Design Manual, 1975). In the forebay, travelling water screens (TWS) with a 1 cm χ 1 cm mesh 
are used to remove smaller objects before water is pumped to the condensers. For further details of 
the cooling circuit, refer to Rajagopal et al. (1991a). MAPS unit I was commissioned in July 1983; 
chlorination based on an intermittent schedule (1 to 2 mg Γ' residual at outfall for 1 hour, once in 8 
hours) has been in use in the cooling water system as a biofouling control measure, since 1979. 
Forebay and pumphouae 
««да 
Fig.1. Schematic diagram of submarine tunnel of Madras Atomic Power Station (drawn not to scale; 
-ь and - signs indicate levels above and below the mean sea level). 
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The present chlonnation practice at MAPS is to bring bulk liquified chlonne in 1 ton cylinders 
and inject it by feeding through a vaporiser The gaseous chlorine from the vaponser passes through 
a vacuum regulator The chlorine injectors suck the chlorine into the down stream of the vacuum 
injectors Chlorine is injected into the seawater at the intake point. 
Hydrographie conditions 
Collection of surface water samples was done at fortnightly intervals. The temperature was measured 
by a thermometer of 01°C accuracy Salinity was estimated by the silver nitrate method (Strickland 
and Parsons, 1972). Dissolved oxygen content was measured by Winkler's method and seston by 
using Millipore filter paper of 0 45 μπι porosity (Strickland and Parsons, 1972). For pH measurement, 
a digital pH meter (model Kent EIL 3055) was used Dissolved nutrients (nitnte, nitrate, inorganic 
phosphate and reactive silicate) and chlorophyll-a analyses were earned out following procedures 
outlined by Parsons et al. (1984). The data on rainfall was obtained from micro-meterological 
laboratory (Department of Atomic Energy), Kalpakkam 
Head loss 
Fouling-induced water blockage in the conduit was assessed by determining the water level differences 
between the forebay and intake (head loss). This measurement was done from the platform at the 
respective places, using a lead and line (Rajagopal et al., 1991b) Vanations in the water level 
differences are also influenced by the number of pumps operating. With a view to maintain uniformity, 
measurements were made only when 11 pumps were operating. A total of 40 measurements were 
made during 4 March 1966 to 12 March 1990. 
Diving inspections 
The intake system was inspected using a Remotely Operating Vehicle (ROV) during 9 to 16 December 
1987. Apart from this, a team of divers was employed to collect samples from various parts of the 
submarine tunnel system. A total number of 19 quadrats (225 cm2 each) were sampled The samples 
collected by divers were sorted out to species level and biomass (wet weight) of individual species 
determined. Based on these data, total biomass of different fouling organisms inside the tunnel was 
calculated (Rajagopal et al., 1991a). 
Chlorine doses 
After inspection of the tunnel by divers, continuous chlonnation of cooling water was started in January 
1988 In the initial two months, relatively higher doses (shock-doses) were given Based on the 
quantity of chlorine added and the volume of water flowing through the tunnel, dose levels were 
calculated. In addition, actual measurements of total residual chlorine levels in the forebay well were 
also made using the orthotolidine method (White, 1972). Results of biweekly measurements were 
averaged to obtain mean monthly figures dunng the penod January 1988 to January 1990. 
Fouling debris removal from the tunnel 
Subsequent to high-level chlonnation, fouling debns started coming out of the tunnel along with flowing 
water. This was collected on the travelling water screens (TWS) at the forebay. The collected fouling 
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organisms from TWS were transferred to drums (45 or 2 0 0 1 capacity) Each day, the total number of 
drums were noted and randomly a few drums were selected for studying the fouling composit ion. 
Fouling organisms were sorted out up to species level and later weighed (wet weight) and counted 
separately for their individual biomass and numerical abundance Size-frequency distribution of the 
most dominant species, P. viridis was also determined using random samples. Afterwards, the green 
mussel shells were sorted out into two categories viz., live and dead (based on whether the shells 
were closed or agape) and weighed separately. 
Growth rate 
Green mussels growing on the experimental teakwood panels (150 χ 100 χ 5 mm) suspended in the 
adjacent coastal waters were collected at monthly intervals and the shell lengths measured to 
determine their growth rate (Page and Hubbard, 1987). 
Results 
Hydrographie conditions 
Table 1 summanses the data on hydrographical parameters dunng the study period 
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Fig.2. Venations in head loss at the MAPS forebay dunng 1986 
operational (dotted line represents design limit). 
1990 when 11 pumps were 
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Head loss 
Head loss caused by foulmg-mduced flow blockage inside the tunnel showed a gradual increase from 
1986 to 1987 (Fig. 2). The maximum head loss recorded was 3.44 m on 31 August 1987 and sudden 
decrease was observed on 18 April 1988. The head loss readings remained within 2.70 m from 30 May 
1988 to 12 March 1990. 
Diving inspections 
Biomass values of fouling debns collected by divers from inside the tunnel system showed a maximum 
value of 211 kg m2 inside the forebay shaft at a depth of 22.5 m (Table 2). The minimum value 
observed was 35 kg m 2 at a depth of 5 m in the forebay shaft. The average biomass values for the 
intake and forebay shaft were 70 and 105 kg m2, respectively. Two samples collected from the 
horizontal conduit gave an average biomass value of 66 kg m"2. The total biomass of fouling debris in 
the entire tunnel system was also estimated based on the biomass levels in different sections. This 
was found to be 578 tonnes (wet weight), of which the contribution of green mussel alone was 411 
tonnes (Rajagopal et al., 1991a). 
Table 2. Fouling biomass collected by divers at the 19 sampling points from the cooling conduits of Madras 
atomic power station 
Depth (m) Fouling biomass (kg m'2) 
Intake- 3 
Intake - 3 
Intake- 9 
Intake -18 
Intake -18 
Forebay- 5 
Forebay- 6 
Forebay- 6 
Forebay- 7.5 
Forebay -12 
Forebay - 22.5 
Forebay - 36 
Forebay - 48 
Forebay - 48 
Forebay - 49 
Forebay - 50 
Forebay - 53 
Inside tunnel - 8m (49m) 
Inside tunnel - 8m (53m) 
Pema vindis 
29.76 
35.76 
28.40 
109.00 
88.62 
10.21 
51.71 
101.32 
37.02 
136.31 
184.92 
110.12 
75.11 
92.17 
14.05 
81.81 
94.71 
33.99 
53.44 
Other fouling 
species 
9.24 
5.44 
7.60 
20.30 
17.38 
24.39 
23.89 
40.98 
10.08 
25.19 
26.18 
22.08 
23.59 
8.23 
27.65 
21.49 
15.29 
24.91 
19.36 
Total biomass 
39.0 
41.2 
36 0 
129.3 
106.0 
34.6 
75.6 
142.3 
47.1 
161.5 
211.1 
132.2 
98.7 
100.4 
41.7 
103.3 
110.0 
589 
72.8 
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Volume transport 
The volume of seawater transport through the intake tunnel during the period January 1988 to January 
1990 (Table 3), ranged from 5.16 χ 105 m3 day1 (January 198Θ) to 3.66 χ 106 m3 day"' (July 1988). 
Lower values during January to February 1988 and January to June 1989, indicate shut-down periods 
of the plant when only a limited number of pumps were operational. 
Table 3. Seawater volume transport, injected chlorine dose and measured levels of residual chlorine in the 
forebay during January 19ΘΘ to January 1990 (monthly mean + SD). 
Months 
•Jan 1988 
*Feb 
•Mar 
Apr 
May 
Jun 
Jul 
Aug 
Sept 
Oct 
Nov 
Dec 
Jan 1989 
Feb 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
Sept 
Oct 
Nov 
Dec 
Jan 1990 
Injected 
chlorine dose 
(mg Г') 
3.37+0.92 
2.55+0.67 
1.11+0.28 
0.85+0.30 
0.40+0.11 
0.26+0.09 
0.24+0.10 
0.29+0.14 
0.34+0.08 
0.43+0.17 
0.36+0.11 
0.43+0.22 
0.95+0.39 
0.71+0.45 
0.61+0.34 
0.78+0.30 
1.57+0.79 
1.69+1.03 
0.23+0.18 
0.65+0.27 
0.23+0.09 
0.36+0.15 
0.42+0.29 
0.37+0.18 
0.27+0.07 
Residual 
chlorine at forebay 
(mg Г') 
2.09+0.63 
1.38+0.40 
0.51+0.19 
0.32+0.18 
0.17+0.05 
0.09+0.01 
0.05+0.01 
0.00+0.08 
0.13+0.03 
0.18+0.10 
0.16+0.05 
0.21+0.07 
0.38+0.21 
0.30+0.19 
0.24+0.15 
0.43+0.23 
0.63+0.37 
0.84+0.69 
0.06+0.01 
0.29+0.12 
0.02+0.01 
0.16+0.04 
0.22+0.08 
0.13+0.07 
0.08+0.02 
Seawater 
volume transport 
(m3 day')x103 
516.4 
1651.4 
2567.7 
3353.7 
3382.4 
3480.3 
3661.5 
3295.9 
2298.5 
2094.2 
2547.7 
2496.1 
1446.7 
1414.6 
1252.6 
841.9 
1049.7 
1038.7 
3369.6 
3407.8 
3483.3 
3298.3 
3184.3 
3145.3 
2766.2 
* Data obtained from Madras atomic power station log book. 
Chlorine doses 
Monthly averages of chlorine added (calculated value) and residual chlorine levels recorded in the 
forebay are given in Table 3. The difference between the above two data gives a measure of the 
chlorine demand of the cooling water. Higher doses were administered in the months January and 
February 1988 and gave a total residual of 1.4 mg Г1 or more at the forebay. From May 1988 
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Fig.3. Biomass of fouling debris collected on travelling water screens at the forebay during February 
19B8 to January 1990. 
onwards, continuous low-level chlorination was resorted to so as to give a residual level of 0.2 mg Γ' 
or less and this was maintained for the rest of the period. However, during the months of May and 
June 1989, slightly higher doses (average 1.6 mg Γ) were used. 
Fouling debris removal from the tunnel 
Quantitative data on fouling debris collected on TWS show a higher rate of removal during the period 
of three months following high-level chlorination (Fig. 3). A maximum of 45.4 tonnes was collected in 
February 1968. During the period of study, the total number of taxa collected on the TWS was found 
to be 98 of which 61 were Mollusca (Table 4). However, TWS collection was mostly dominated by the 
green mussel, P. viridis, as expected. Monthly variations in the relative abundance of green mussels 
also clearly indicated its dominance over the other species on the TWS collection (Fig. 4). A total 
biomass of about 187 tonnes of fouling debris was collected from TWS during February 1988 to 
January 1990 (Table 5). Of this, green mussels accounted for 164 tonnes (88%), followed by barnacles 
(5 tonnes) and snails (4 tonnes). 
The percentage of live mussels (Fig. 5) in the fouling debris was relatively low during the 
months of February (9.3%), March (1.2%) and April 1988 (0.8%). Thereafter, the values increased to 
about 50% indicating large scale removal of live mussels from the intake tunnel. However, most of 
these live mussels were smaller in size (1 to 3 cm shell length), compared to the dead and decaying 
ones. A similar pattern was also noticed in 1989. 
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Table 4 List of fouling organisms observed in the cooling system of the Madras Atomic Power Station 
Ponfera 
Callyspongtidae 
Callyspongia diffusa (Ridley) 
Tedanndae 
Tedanta anhelans (Lieberkuhn) 
Mycalidae 
Mycaie туЫопт Annandale 
Coelenterata 
Companulanidae 
Obelia bicuspidale Clarke 
Bougainvillndae 
Bimena vestita Wngbt 
Sertulanidae 
Sertulana sp 
Sagartndae 
Sagartia sp 
Ectoprocta 
Bicellanelhdae 
Buguia sp. 
Etectndae 
Electra sp 
Acanthodesia sp 
Aldenna aratnanensts Merton & Nair 
Membranpondae 
Membranipora sp 
Annelida 
Nereidae 
Pennereis sp 
Platinareis sp 
Pseudonereis sp 
Nereis sp 
SabeHidae 
Dasychone sp 
Sabelhstarte sp 
Serpuhdae 
Ficopomatus sp 
Hydroides elegans (HasweH) 
Serpula vermiculans sensu auct 
Arthropoda 
Balanidae 
Megabalanus tmtmnabulum (Linnaeus) 
Balanus amphitnte Darwin 
Balanus reticulatus Utonomi 
Chirona amaryllis Darwin var 
euamaryllis Brach 
Mollusca 
PatellKlae 
Cef/ала radiata radiata Born 
Trochidae 
Euchelus asper Gmehn 
MuncKJae 
Ergalatax contracta (Reeve) 
Drupella rugosa (Bom) 
Thais bufo Lamarck 
Tftas blanfordi (Metvill) 
Г/іав tesoA (Petit) 
Ranellidae 
Lampusa piteare (Linnaeus) 
Сугпаішт cingulatum Lamarck 
Gynneum natator (Roeding) 
Architectonic idae 
Architectonica perspectiva (Linnaeus) 
Tumtellidae 
Tumfef/a acutangula Linnaeus 
Tumtelia attenuata Reeve 
Nassanidae 
Bullía vittata (Linnaeus) 
Bullía melanoides (Deshayes in Belanger) 
Uttonnidae 
Uttorana (bttorana) undulata (Gray) 
Uttonna {Uttonngosis) scabra 
scabra (Linnaeus) 
Potamididae 
Centhidea (Centhideopsilla) 
ungulata (Gmelm) 
Centhidea flumtilis Potiez & Michand 
Telescopium telescopium (Linnaeus) 
Cypraeidae 
Palmadusta gracilis (Gaskoin) 
ОГг юае 
ОІі апсіПапа gibbosa (Bom) 
Dondidae 
Décodons concinna Alder & Hancock 
Dendrodondidae 
Donopsilla miniata Aktor & Hancock 
Tergipedidae 
Caloña militans Alder & Hancock 
Arcidae 
Anadara rhombea Bom 
Anadara granosa Linnaeus 
Arca avellana Lamarck 
Area symmetrica Reeve 
Area gubbemaculum Reeve 
Barbatia fusca (Bruguière) 
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Table 4 continued 
Mollusca continued 
Cardiidae 
Vepncardium coronatimi (Spengler) 
Donacidae 
Donax scortum Linnaeus 
Oonax cuneatus (Linnaeus) 
Donax apenttus Melvill 
Venendae 
Meretnx casta Chemnitz 
Meretnx meretnx (Linnaeus) 
Timoclea arakana (G & H Newill) 
Irus exoticus (Hanley) 
Paphia textile (Gmelm) 
Paphia gallus (Gmelm) 
Tellinidae 
Tellina angulata (Gmelm) 
Carditidae 
Seguina variegata Bruguiòre 
Ostreidae 
Crassostrea madrasensis Preston 
Saccostrea cuculiata Bom 
Ptenidae 
Pinctada anom/o/des Reeve 
Pmctada Chemnitz (PhHippi) 
Pinctada margantifera Linnaeus 
Chamidae 
Chama rellexa Reeve 
Слета lazarus Linnaeus 
Chama Iragrum Reeve 
Pseudochama cnstella Lamarck 
Mollusca continued 
Mytilidae 
Pema vindis (Linnaeus) 
Pema indica Kunakose & Nair 
Modiolus stnatulus Hanley 
Modiolus modiolus sensu auct 
Modiolus undulata Dunker 
Modiolus metcalfei Hanley 
Modiolus perfragilis Dunker 
Modiolus philippmarum Hanley 
Echinodermata 
Ophiundae 
Ophiothnx exigua Lyman 
Chordata 
Urochordata '~' 
Didemnidae 
Didemnum psammathodes Sluiter 
Diplosoma macdonaldi Herdman 
Ussoclmum fragile Van Name 
Polyclmidae 
АрІіЛит тиІЬрІюайіт Sluiter 
Styelidae 
Symplegma brakenhielmi Michaelson 
Symplegma vinde Herdman 
Styela bicolor Sluiter 
Botrylloides тадпкоесит Hertmeyer 
Pofycarpa sp 
Ascidiidae 
Asctdia zara Oka 
Ascidiella aspersa Muller 
* Entrained organisms such as jelly fishes and fishes are not included in the list 
The size-frequency distribution of mussels collected on the TWS dunng the period February 
1988 to January 1990 (Fig. 6) shows that, in the initial months following high-level chlonnation, the 
mussels which were removed from the tunnel were comparatively larger in size viz, 7 cm or more 
Dunng the period February to April 1988, the modal size group shifted from 7-9 cm to 10-11 cm and 
11 -12 cm, indicating a progressive delay in the expulsion of mussels as their size increased. However, 
in May 1988, young green mussels (0 to 3 cm) started to occur in the collection. Their appearance was 
correlated with the breeding pattern of green mussels in the adjoining coastal waters (Rajagopal et al., 
1991b) In the following months, the relative frequency of the smaller green mussels increased in the 
collection with an accompanying reduction in the number of larger mussels. An appearance of young 
mussels was also recorded during October 1988, May-June 1989 and October 1989, which again 
coincided with the observed breeding cycle of the green mussels at Kalpakkam. 
Growth rate 
Experiments on the growth rate of mussels in the Kalpakkam coastal waters (Fig 7) showed that the 
mussels achieved a shell length of 13.1 + 0.5 mm in 30 days (30 Apnl 1988) and 981 + 0.7 in 370 
days(5Apnl 1989). 
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Fig.4. Monthly variations of relative percentage (number and weight) of green mussel, Perna viridis 
collected on travelling water screens at the forebay during February 1988 to January 1990. 
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Table 5 Seasonal variation of relative abundance of different fouling debns on TWS in the forebay dunng February 
1988 to January 1990 (wet weight in kilograms) 
Months 
Feb 1988 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
Sept 
Oct 
Nov 
Dec 
Jan 1989 
Feb 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
Sept 
Oct 
Nov 
Dec 
Jan 1990 
Total 
Percentage 
Pema viridis 
44114 
42005 
35515 
9577 
7577 
6256 
7066 
309 
2165 
1796 
372 
220 
238 
309 
205 
432 
883 
968 
689 
1923 
789 
324 
290 
229 
164251 
880 
Other fouling 
species 
1250 
1282 
1088 
3786 
3162 
3460 
2331 
104 
2356 
1193 
108 
53 
52 
260 
33 
131 
162 
293 
258 
594 
239 
98 
65 
40 
22397 
120 
Total biomass 
45364 
43287 
36603 
13363 
10739 
9717 
9397 
413 
4521 
2989 
480 
273 
290 
569 
238 
563 
1045 
1261 
947 
2517 
1028 
422 
355 
269 
186648 
100 0 
Discussion 
Chlonnation is commonly used to prevent the settlement of fouling organisms, particularly mussels in 
cooling conduits of power stations (Yamazaki, 1965, Whitehouse, 1978, Whitehouse et a l , 1985). 
Mussel control using chlonnation is well documented in the literature. Turner et al (1948) and 
Anderson and Richards (1966) observed that intermittent chlonnation failed to prevent mussel 
settlement and growth in power plants James (1967) also reported the ineffectiveness of intermittent 
chlonnation for controlling fouling in Carmarthen Bay power station. Holmes (1970a) suggested that 
mussels settled between intermittent chlorine injections were able to resist the subsequent exposures 
to chlonne In intermittent chlonnated waters, recuperation of mussels is possible because during the 
breaks in chlonnation they can actively feed and produce byssus threads (Rajagopal et al., 1991b, 
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Fig.5. Percentage composition of live and dead Perna viridis collected on travelling water screens 
at the forebay during February 1988 to January 1990. 
Rajagopal et al., 1994b). In addition, the steady flow conditions inside cooling conduits of power plants 
facilitates increased food availability (Jenner, 1982) and removal of metabolic wastes (Perkins, 1974; 
Neitzel et al., 1986). Therefore, mussels can easily compensate for any resource drain caused by 
short-term chlorination (Coughlan and Whitehouse, 1981; Rajagopal et al., 1991a). The present data 
on head loss at forebay (Fig. 2) also clearly indicate that the intermittent chlorination has not been 
effective in checking tunnel fouling at Madras Atomic Power Station (MAPS). Lewis (1985) noted that 
mussels treated with chlorine residuals of 4.43 mg Г' for 49 hours, were capable of making recovery 
within 30 minutes of exposure to ambient seawater. Jensen (1982) found that the mussels failed to 
recover after a 24 hours exposure to a chlorine residual of 8 to 40 mg Г1. It is reasonable to conclude 
that at high chlorine residuals (e.g. 40 mg Г1), denaturation of cell membranes could lead to lethal 
effects, particularly in the gills (Opresko, 1980), but at low residuals only physiological activities of 
mussels are affected (Khalanski and Bordet, 1980). 
Studies on the biofouling at Kalpakkam during the pre-operational phase of the power plant 
had predicted that barnacles, Balanus sp. (Balanidae) would be the dominant fouling organism in the 
cooling system (Godwin, 1980; Karande et al., 1983). It was also pointed out that the average monthly 
biomass build-up at Kalpakkam coastal waters would be about 4 kg m'2 with a possible yearly 
maximum of about 80 kg m"2 (Karande et al., 1983). However, the present study clearly demonstrates 
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Fig.7. Growth rate (mean + SE, n=30) of Pema vmdis in the Kalpakkam coastal waters from April 
1988 to April 1989. 
that tunnel fouling is actually dominated by the green mussel, Ρ viridis. The earlier studies were 
conducted by exposing test panels near the intake area and drawing conclusions based on the results 
thus obtained. This example points to the potential dangers involved in extrapolating test panel data 
to predict the extent and type of fouling in specialised environments such as cooling conduits of power 
stations. The present study also shows a maximum biomass value of 211 kg m 2 in the forebay shaft. 
The comparison of the biomass values at Kalpakkam with those reported in the literature shows that 
biomass build-up in Kalpakkam is probably one of the highest ever reported. The nearest value 
reported in the literature is 64 kg m 2 from the water intake tunnels of a power plant at Lynn, 
Massachusetts (Woods Hole Océanographie Institution, 1952) Such very high biomass accumulations 
at MAPS are possible because of the extremely dense settlement of bivalves, especially Ρ viridis. In 
the process of colonisation of specialised environments, such as a seawater intake tunnels (existing 
flow rates, darkness and increased food availability), mussels have a competitive edge over most of 
the other fouling groups, and therefore, mussel domination in such environments is likely at other 
similar localities also. In the present study, fouling debris removal data also confirmed the domination 
of green mussels over the other fouling species in the cooling conduits of MAPS (Table 5). 
Following high-level chlonnation, fouling debns started to appear on the TWS at forebay 
During the period February to April 1988, fouling debns dominated by P.vindis (>98%) of large size 
(8 to 12 cm shell length) continued to get collected on the TWS. Most of the mussel shells contained 
remains of fresh tissue, suggesting a very recent demise resulting by application of high-level 
chlonnation. Nevertheless, mussels inside the tunnel had a layered growth pattern (as evidenced by 
visual observations by ROV) which precludes direct byssal contact with the primary substratum (culvert 
wall) for many mussels Seed (1976) reported that mussels attached to solid substrates are relatively 
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secure but, as the mussel bed develops, most of the mussels, lose contact with the substrate and form 
a surface layer with feeble attachment to one another by long weak byssus threads. Thus it appears 
that in the early stages of fouling, mussels would have good byssal contact with the culvert wall, 
however, as the fouling develops and forms a thicker layer, it could become increasingly unstable and 
vulnerable to erosion as suggested by Lewis (1961), Holmes (1970a) and Jenner (19Θ3). This explains 
why progressive delay in the duration of expulsion of the already established mussel population from 
the cooling conduits of MAPS. The removal of fouling debris from the intake system not only depends 
on the amount of chlorine injected during chlorination regime but also on volume transport (in other 
words water velocity) of seawater (Fig. Θ). The fate of fouling organisms (especially bivalves) within 
a cooling conduit is partially dependent on the flow rates within the system (Neitzel et al., 19Θ4; Nair, 
1990). Flow velocities less than 1.2 m sec'1 are known to allow mussel larvae to settle (Holmes, 1967). 
Once established, mussel communities are known to withstand velocities ranging from 1.5 to 2.5 m 
sec'1 (Collins, 1964; Burton and Liden, 1978). However, flow velocities below 0.1 m sec"1 may not 
provide adequate food and oxygen or facilitate removal of metabolic wastes fast enough to allow dense 
mussel growth (Jenner, 1980; Henager et al., 1985; Venugopalan and Nair, 1990). It is also known that 
if velocities are too fast to allow settlement, bivalves will not become established (Lewis, 1964). In the 
present study, the observed maximum (2517 kg) and minimum (238 kg) arrival of fouling debris on 
TWS for the year 1989 (Fig. 8), was significantly correlated with the amount of seawater volume 
transported through the tunnel (Spearman rank correlation test, Ρ < 0.001). It is obvious that the 
shearing force created by the moving water helps removal of the attached fouling biomass which has 
already been loosened by application of chlorination. However, the data for 1988 did not show any 
relation between volume transport and fouling debris on TWS. This is possibly due to the combined 
effects of already established fouling communities inside the MAPS submarine tunnel and adopted 
higher doses of chlorine residuals. 
Young green mussels (0 to 3 cm shell length) started appearing on TWS during May to July 
1988, October 1988, May to June 1989 and October 1989, which corresponded with the breeding 
season of P. viridis in Kalpakkam coastal waters (Rajagopal, 1991). Most of these young mussels 
(>50%) were alive when collected on the TWS (Fig. 5), which apparently shows that continuous low-
level chlorination helps to flush out juvenile mussels, before they are able to secure attachment on the 
tunnel walls. It is not clear whether the green mussels were actively migrating out of the tunnel as 
suggested by James (1967) or whether they were carried away by the flowing water as their byssal 
attachment was weakened because of chlorination (Holmes, 1970b). It is unlikely that continuous low-
level chlorination completely eliminated settlement of young mussels. Size-frequency distribution of P. 
viridis collected on the TWS also shows a significant progressive increase in shell length, subsequent 
to the breeding seasons (Fig. 6). Jenner (1983) reported that there was no evidence that continuous 
chlorination had reduced mussel settlement in cooling conduits. He found using side-stream monitors 
that during periods of continuous chlorination at a mean residual of 0.2 mg Γ1 (0.1 - 0.25 mg Γ1), 
chlorine had no effect on the blue mussel, Mytilus edulis (L.) settlement at Maasvlakte power station, 
near Rotterdam. Khalanski and Bordet (1980) observed that at a chlorine level between 0.2 and 0.5 
mg Γ1, settlement is delayed for 3 0 % of the mussel larvae. Thus, it seems possible that a combined 
effect of general weakening of the byssus attachment (Holmes, 1970a) and high flow rates inside 
cooling conduits, is probably responsible for such mass exodus of live mussels. It is obvious from the 
head loss data that MAPS intake tunnel continued to become increasingly fouled when continuous low-
level chlorination was employed (Fig. 2). Given the very real difficulties of actually inspecting power 
station cooling water culverts, such head loss data is one of the few pragmatic means of monitoring 
the progress of fouling. Side stream fouling monitors, as described by Jenner (1985), can provide 
additional helpful data. In tandem, the two methods will tend to provide information on the onset, extent 
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Fig.8. Relationship between volume transport of seawater and travelling water screen debris 
collection at the forebay during 1989. 
and character of fouling inside the cooling water culverts, together with an assessment of the control 
methods employed. 
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Biology of fouling mussels, Perna viridis (L), in a tropical power station 
Abstract 
Green mussels, Pema viridis (L.) constitute a major component of fouling communities colonising the 
seawater intake systems of tropical coastal power stations. An attempt was made to study the salient 
features of their biology which are relevant in the context of their fouling potential as well as a plausible 
control strategy to be adopted. Three stations were selected for this purpose: station 1, viz., coastal 
waters (Bay of Bengal) from where a power station draws coolant water; station 2, viz., intake point 
of the cooling circuit and station 3, viz., the forebay pump house of the power plant from where 
seawater is pumped to the condensers. Breeding periods, larval abundance, spat settlement and 
growth rate of the mussels were regularly monitored at these stations for a period of 2 years. 
The data indicated that P. viridis at Kalpakkam has two distinct breeding periods, one during 
April-June and the other during October. The breeding periods, especially the first one, were followed 
by high larval abundance in the coastal water. Maximum spat fall also occurred in summer (April-June) 
when relatively high temperature, salinity and chlorophyll-a prevailed. Mussels growing on the intake 
screens of the power station exhibited the highest growth rates ever reported for P. viridis. The study 
showed that conditions inside the intake tunnel favoured high growth rate in mussels. 
Introduction 
Green mussels, P. viridis are widely distributed in the Indo-Pacific region; their distribution extends 
from Japan to New Guinea and from the Persian Gulf to South Pacific Islands (Siddall, 1980). They 
are characteristic fauna of midlittoral and sublittoral zones where they often constitute dense 
populations on rocky substrata. In spite of their wide distribution and their importance in the ecology 
of rocky shore ecosystems, detailed works on their biology are few (Lee, 1985). These mussels are 
also important from the point of view of animal protein for human consumption and some aspects of 
their biology relevant to fishery and culture have, therefore, been studied by earlier workers (Qasim 
et al., 1977; Sivalingam, 1977; Parulekar et al., 1982; Rivonkar et al., 1993). However, these mussels 
also deserve serious attention on account of their potential to foul industrial cooling systems using 
seawater (Nair, 1990). There are not many studies which relate to the fouling characteristics of P. 
viridis. Madras Atomic Power Station (MAPS), situated on an open coast on the east coast of India 
and using seawater as a heat sink, has been experiencing severe flow blockage problems caused 
mainly by this mussel. On an earlier appraisal (Rajagopal et al., 1991a), it was found that out of 570 
tonnes of fouling debris lodged inside the concrete intake tunnel of the power station, P. viridis alone 
constituted 411 tonnes. Since this was the first time such massive colonisation of marine mussels has 
been observed in the cooling circuits of an Indian power station, we were interested to know what 
aspects of the biology of the mussels make them such successful colonisers. This was important as 
earlier workers who studied fouling phenomenon on the east coast had not indicated the dominance 
of P. viridis among the fouling communities (Paul, 1942; Daniel, 1954; Renganathan et al., 1982; Rao, 
1990). Moreover, information regarding the breeding activity of P. viridis from different localities of the 
Indian peninsula was inconsistent, though successful control of the organisms would depend largely 
on the reliability of such information. Therefore, a two year study was organised to investigate the 
relevant biological features of these mussels, which have bearing on its fouling potential. Successful 
colonisation by any given fouling species depends to a large extent on high larval availability and fast 
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growth rate. Hence, breeding activity, larval abundance and growth rate of the mussels were monitored 
at three stations which included both their natural (coastal waters) and artificial (intake system) 
habitats. This paper highlights out the salient features of the study. 
Materials and methods 
Site description 
Madras Atomic Power Station (MAPS), located on the east coast of India (12°33'N and Θ0Ί1Έ), uses 
a 468 m long sub-seabed tunnel to draw cooling water (35 m3 sec'1) for its twin (2 χ 235 MWe) 
reactors (Fig. 1 a & b). The seawater flows by gravity from the intake shaft via the tunnel to the forebay 
pump house, from where it is pumped to the condensers. The coolant water velocity in the tunnel, 
when the station runs at full power, is about 3 m sec'1. The intake point is guarded by steel weld mesh 
screens to prevent the entry of large objects to the cooling circuit. Continuous chlorination (ca 0.5 mg 
Γ
1
 residual) has been practised at the station since 1988. 
Stations 
Three stations were selected for the study (Fig. 1). Station 1 represents the coastal waters. Station 2 
is the seawater intake point which is characterised by high water flow; otherwise, the physico-chemical 
characteristics of the water are identical to those at Sta 1. Station 3 is the forebay pump house, 
characterised by high flow and chlorine residuals. 
Hydrography 
Hydrographical features of the three stations were studied by collecting surface samples at fortnightly 
intervals during April 1988 to March 1990. Parameters like temperature, salinity, dissolved oxygen (DO) 
and chlorophyll-a were monitored (Strickland and Parsons, 1972) to understand their variation and 
possible influence on the breeding pattern of the mussels. At Sta 3, the chlorine residuals (total 
residual oxidants) were monitored by the orthotolidine method (White, 1972). 
Gonad observations 
Mussels were collected every month (April 1988 to March 1990) from the three stations and were used 
for gonadal studies. About 60-65 mussels (approx 30-40 mm shell length) were collected from each 
station. In the laboratory, the gonadal tissues were removed from the mantle lobes and fixed in Bouin's 
fluid for 24 h and later transferred to 40% alcohol. Sections (10-15 μπί) were made from wax-
embedded tissues and stained with haematoxylin and eosin. The method of Seed (1969) was adopted 
to categorise the gonads into four groups viz., spent/resting, developing/redeveloping, ripe and 
spawning. Gonad index (Gl) was also determined based on the method described by King et al. 
(1989). 
Larval abundance 
Mussel larvae were concentrated from 5001 of seawater using a 22 μπί mesh net (De Wolf, 1973), 
fixed in 5% buffered formalin and counted in a Sedgwick rafter counter. The collections were done 
every month from May 1988 to May 1990. 
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Fig.la. Map showing the Kalpakkam 
b. Schematic representation of the Madras Atomic Power Station seawater intake tunnel showing 
three sampling stations (not drawn to scale; MSL = Mean Sea Level). 
Spat settlement 
Concrete blocks (20 χ 20 χ 20 cm) were used to sample spat fall at Sta 1 and 3, as described by Nair 
et al. (1988). At each station, three test blocks were suspended using nylon ropes and retrieved after 
30 d to estimate spat fall. At Sta 2, test blocks could not be used and therefore, the spat settled on 
the intake screens were counted at monthly intervals. At Sta 1, the test blocks were suspended at 1 
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m, 4 m and 7 m, whereas at Sta 2, data were collected from 2 m, 4 m and 6 m. At Sta 3, only one 
depth (1 m) could be studied due to operational constraints. The data were collected in triplicate at 
each station, averaged and represented as number dm'2. 
Growth rate 
Growth rate measurements were initiated by suspending test blocks (Sta 1 & 3) at the beginning of 
spat settlement (April 19ΘΘ). About 30 mussels were collected either from the concrete blocks (Sta 1 
& 3) or from the intake screens (Sta 2), at monthly intervals and their shell length was measured. At 
Sta 3, data could be collected only for the initial 3 months on account of mortality of the mussels 
caused by chlorination. Collection of mussels from test blocks involves sampling of a different subset 
of the mussel population every month. In order to monitor the growth increment of the same population 
over a period of time, mussels (11+0.6 mm shell length, n=ca 100) were confined in cages (75 χ 75 
χ 75 cm, 0.5 cm mesh size) and suspended at 1 m depth at Sta 1 (Page and Hubbard, 1987). Their 
shell growth increment was monitored at monthly intervals during the period October 1988 to 
September 1989. 
Statistical analysis 
Gonadal index, spat settlement and growth rate of mussels at three stations were compared by 
ANOVA and post hoc multiple comparisons were done using Student-Neuman-Keuls (SNK) tests (Zar, 
1984). According to statistical requirements related to the normality of the distributions, data were 
square root transformed prior to ANOVA (Zar, 1984). 
Results 
Hydrographical features 
Surface water temperature ranged from 25.9 °C (December 1989) to 31.3 °C (October 1989) during 
the study period (Table 1). It was characterised by two well defined maxima, one occurring during 
May/June (30.9 °C) and the other in October (31.3 °C). Salinity ranged from 27.0%o to 35.5%e, with a 
maximum in May/June and a minimum in November. Dissolved oxygen of surface water varied from 
4.19 mg Γ1 (June 1989) to 6.24 mg Г1 (September 1988). A definite pattern of seasonal change in 
dissolved oxygen concentrations was not discernible. Chlorophyll-a ranged from 1.06 mg m'3 to 9.99 
mg m-3. Maxima were found in May and minima in November. The chlorophyll values peaked during 
May-June months, indicating greater availability of phytoplankton in the coastal waters. However, 
November-December months saw a general decrease in chlorophyll values; there was no chlorophyll 
increase corresponding with the second temperature peak observed in October. 
Spawning, larval abundance and spat settlement 
Histological data showed that spawning of P. viridis at Kalpakkam began in March and peaked in May 
(Fig. 2). Extensive spawning during this period was indicated by a large proportion of spawning 
mussels in May and the presence of spent gonads in June and July samples. The latter also 
corresponds with a decrease in Gl in July (Fig. 2). The Gl values increased in August and September, 
due to the large proportion of redeveloping gonads. The second spawning season peaked around 
October and was followed by a short cessation of spawning activity in the population. The data indicate 
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Table 1 Seasonal variations in the hydrographical parameters at Kalpakkam coastal waters during April 1988 
to March 1990 Data are expressed in monthly mean + SD. 
Sampling 
period 
Apr 1988 
May 
Jun 
Jul 
Aug 
Sept 
Oct 
Nov 
Dec 
Jan 1989 
Feb 
Mar 
Apr 
May 
Jun 
Jul 
Aug 
Sept 
Oct 
Nov 
Dec 
Jan 1990 
Feb 
Mar 
Temperature 
fC) 
302+04 
30 9+0 8 
30 2+03 
283+04 
29 7+0 6 
292+0 7 
31 2+0 4 
274+06 
26 2+0 
26 9+01 
30 5+01 
29 9+01 
29 6+01 
30 6+0 2 
30 9+0 6 
28 2+0 3 
28 9+01 
28 9+0 5 
313+0 4 
274+01 
25 9+01 
272+04 
29 2+0 3 
29 9+0 6 
Salinity 
(%.) 
340+0 
351+01 
35 5+01 
34 9+01 
342+03 
346+03 
30 7+14 
270+03 
32 7+0 3 
34 0+01 
34 6+01 
34 7+01 
34 7+0 
34 5+02 
351+01 
33 7+01 
341+01 
34 5+02 
32 7+0 3 
252+04 
32 7+0 3 
33 7+01 
33 9+02 
341+01 
Dissolved 
oxygen 
(mgr') 
579+039 
4 78+0 07 
454+0 30 
4 98+0 85 
5 91+0 42 
624+022 
5 56+021 
651+011 
519+0 07 
5 89+012 
5 30+0 51 
5 67+0 20 
515+0 60 
496+0 02 
419+026 
549+025 
5 72+0 54 
528+0 34 
5 91+027 
5 00+163 
545+0 32 
526+0 32 
5 41+017 
5 07+045 
Chlorophyll-a 
(mg m*) 
506+038 
999+068 
975+2 62 
547+0 83 
2 66+0 
340+019 
1 10+049 
106+027 
197+073 
212+0 84 
2 04+0 71 
3 88+0 
322+1 13 
604+0 83 
5 70+1 81 
2 85+1 31 
617+0 
139+0 
3 32+0 
120+0 68 
170+022 
1 99+0 21 
325+0 03 
2 56+0 26 
Residual 
chlorine 
(mg IУ 
03+018 
02+005 
01+001 
01+0 
01+0 08 
01+0 03 
0 2+010 
02+005 
02+007 
04+021 
03+019 
0 2+015 
0 4+023 
06+037 
0 8+0 69 
01+001 
03+012 
01+0 
0 2+0 04 
02+0 08 
01+007 
01+002 
01+0 06 
0 2+0 03 
* Measured total residual chlorine levels in the forebay 
that spawning activity in Sta 3 was advanced by about a month, as compared to Sta 1 and Sta 2. A 
companson of Gl (ANOVA, F=2 662, P>0.077) did not show any significant difference between Sta 1 
and 2 (SNK tests, P>0.05); but there were significant differences in Gl values between Sta 1 and 3 
(SNK tests, P<0 05). 
Larval abundance in the coastal water fluctuated widely during the study period (Fig. 3). The 
maximum (39532 larvae m"3) was recorded in May 1988. The data, in general, showed good 
correspondence with spawning and Gl data, with two peaks in a year, viz., April-June and October-
November. The second peak was much smaller, when compared to the first; it was also for a shorter 
duration. 
The spat fall also showed close correspondence with larval availability, with two peaks per annum 
(Fig 4). The October peak, as in the case of larval abundance, was much smaller when compared to 
the May-June peak. The data showed markedly higher spat settlement at Sta 2 (SNK tests, P<0.05) 
and negligible settlement at Sta 3 (SNK tests, P<0 001), as compared to the coastal waters. The 
maximum spat fall recorded was 5224 numbers dm 2 at Sta 2, in May 1988. Depth-wise differences 
in settlement were negligible (ANOVA, F=0.332, P=0 72) at the intake point (Table 2), whereas at Sta 
1, settlement was highest at 4 m, followed by 1 m and was least at 7 m (ANOVA, F=8 966, P<0.001). 
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Fig.2. Seasonal variations of gonadal maturity stages (%) and gonadal index of Perna viridis in 
coastal waters, intake screens and forebay at the Madras Atomic Power Station in Kalpakkam. 
Growth rate 
For Sta 3, the data are available for only three months on account of mortality (Fig. 5). Among Sta 1 
and Sta 2, mussels growing on the intake screens (Sta 2) exhibited a maximum growth rate of 27±1.1 
mm in 49 d to 119±2.1 mm in 375 d. At the same time, in the coastal waters, the growth rates were 
13±0.5 mm in 30 d to Э ±Л.7 mm in 370 d. The difference in size of the mussels at the end of the 
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Fig.3. Seasonal occurrence of mussel larvae in Kalpakkam coastal waters. 
period at the two stations was very significant (SNK tests, P<0.001). A statistical comparison of the 
cage data (11 mm size group) with test block data (ANOVA, F=1.235, P>0.05), indicated that at the 
end of one year the size of caged mussels was not significantly different from that of test block 
mussels (Fig. 5). 
Discussion 
Prior to our studies on the massive colonisation of the seawater intake system of MAPS (Rajagopal 
et al., 1991a; 1991b), there are no published reports of large-scale fouling by P. viridis in cooling water 
circuits of the tropical Asia-Pacific. Huang et al. (1983) have reported P. viridis to be an important 
fouler of ship hulls, piers, buoys and rafts in Hong Kong waters (see also Lee, 1985 and Cheung, 
1993). Most of the earlier studies on P. wnd/sfrom Indian waters (Rao et al., 1975; Qasim et al., 1977; 
Narasimhan, 1980; Parulekar et al., 1982) have been related to fishery aspects. So it was decided to 
study a few aspects of the biology of P. viridis, which are relevant to its fouling potential as well as its 
response to control measures being adopted. The stations were so chosen as to include one which 
closely approximated its natural habitat as well as parts of the cooling circuit, including and excluding 
chlorinated regions. The study showed that the mussels' breeding periodicity and fast growth rate were 
suited for its colonisation within the artificial habitat, viz., the seawater intake tunnel. 
Raymont (1980) stated that the main characteristic of warm tropical waters is that while different 
benthic species bred at different times of the year, breeding activity as such might extend over the 
whole year. Stephenson (1934) working on the Great Barrier Reef, found that while some species bred 
throughout the year at moderate intensity, others had a single period and still others had two breeding 
periods with an apparent dormant phase in between. Cheung (1993), working on the population 
dynamics of P. viridis in the Tolo Harbour, Hong Kong, reported two recruitment periods per year: one 
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Fig.4. Monthly variations of mussel spat settlement at different depths in coastal waters, intake 
screens and forebay at the Madras Atomic Power Station in Kalpakkam. 
from July to September and another from November to March. Lee (1985), who worked in the Victoria 
Harbour (Hong Kong) population, reported a single recruitment period for P. viridis which extended 
from June to September. Our data, which includes gonadal observation (Fig. 2), larval abundance (Fig. 
3) and spat settlement (Fig. 4), clearly indicate two recruitment periods for P. viridis at Kalpakkam. The 
first one extends from April to June and the second from September to October, the latter being lesser 
in intensity. A comparison of the present data with the data from other parts of Indian coast (Fig. 6) 
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Table 2. Data on spat settlement of Pema viridis at different depths at Sta 1 and Sta 2 during April 19Θ8 to 
March 1990. ANOVA followed by multiple comparison tests (SNK tests) were used to determine whether 
depthwise spat settlement of mussels differed significantly at Sta 1 and Sta 2. 
Mean 
Maximum 
Minimum 
Median 
SD 
SE 
Lower 95% CI 
Upper 95% CI 
ANOVA 
1 m 
314 
1734 
0 
37 
524 
112 
82 
546 
Coastal waters 
Depth 
4m 
517 
2486 
0 
95 
783 
167 
170 
865 
7m 
68 
529 
0 
14 
129 
28 
13 
127 
F = 8.966, P<0.001 
2m 
641 
5225 
0 
138 
1172 
234 
158 
1125 
Intake screens 
Depth 
4m 
601 
4512 
0 
120 
1191 
238 
109 
1092 
6m 
687 
4779 
0 
150 
1258 
252 
168 
1207 
F = 0.332, R>0.05 
indicate that this species breeding activity could vary substantially within narrow geographical regions. 
As mentioned earlier, this has been established in Hong Kong waters by Lee (19Θ5; 19ΘΘ) and Cheung 
(1993). In the case of the related temperate species Mytilus edulis L, Bayne and Worrall (1980) have 
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Fig.5. Growth rate of Р та viridis in coastal waters, intake screens, forebay and experimental cages 
(initial shell length 11 + 0.6 mm, η = 100, suspended in coastal waters) at the Madras Atomic 
Power Station in Kalpakkam. Data are presented as mean ± SD. 
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Fig.6. Breeding periodicity of green mussel, Pema viridis (L) reported from Indian waters. Thick lines 
represent intense reproductive activity (* Gonadal observations; ** Spat settlement data). 
reported two spawning periods at Lynher and a single one at Cattewater in UK. Obviously, local 
hydrographical conditions (including pollution levels) and food availability may act as key factors, 
depending on which an organism may adopt a given reproductive strategy; geographical factors are 
probably less important in this regard. 
Though the spawning activity of the mussels growing at Sta 1 and Sta 2 exhibit two clear peaks 
per annum, which are roughly comparable to each other in terms of intensity, the ensuing larval 
concentration in the water shows only one prominent peak, corresponding to the first spawning activity. 
A possible explanation for this is as follows. The gonadal development and spawning activity of Ρ. 
viridis at Kalpakkam is linked with the water temperature which shows two clear peaks, one in April-
June and another in October. Spawning data given in Fig. 2 match with this temporal distribution of 
temperature (Table 1). However, larval abundance in the coastal waters is probably decided largely 
by food availability. Chlorophyll-a values, which are used here as an indicator of phytoplanktonic food 
availability, show only a single summer peak in April-June (Table 1). A rise in water temperature in 
October does not lead to a phytoplankton bloom. The mussel larvae arising out of the second 
spawning season in November are starved and suffer high mortality, resulting in their low numbers in 
the coastal waters. However, this hypothesis needs confirmation by additional experimentation. 
The larval densities observed during the April-June peak were comparable with data reported 
from elsewhere. The highest density recorded in the present study was 39500 larvae m"3. Schram 
(1970) recorded a similar (40000 larvae m"3) figure for M. edulis from the Oslofjord. Hopkins (1977) 
showed that lamellibranch larvae in Tampa Bay ranged from 1200 to 15500 larvae m'3, with an annual 
mean of 8000 larvae m'3. Fish and Johnson (1937) reported peak abundance of more than 25000 
larvae m"3 in Bay of Fundy. 
The present data indicate significant variations in the settlement intensity of P. viridis at the three 
stations (ANOVA, P<0.001). Maximum settlement was observed on the intake screens, followed by 
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the coastal waters, least settlement was recorded in the forebay pump house. The high settlement 
intensity on the intake screens is explicable on account of the high flow rate, which would enhance the 
propagule flux rate to the substratum. Depth-related variation in intensity, which is obvious at Sta 1 
(ANOVA, P<0.001) is lacking at Sta 2 (ANOVA, P>0 05). At Sta 1, the settling plandigrades clearly 
prefer the intermediate depth (4 m), when compared to the near-surface (1 m) (SNK tests, P<0.05) 
or near-bottom (SNK tests, P<0.001). Depth-wise differences in spat fall are likely if the larvae are non-
umformly distnbuted in the water column or alternatively, the settling larvae prefer discrete light 
regimes. However, this depth-related feature was not apparent at Sta 2, owing probably to the high 
velocity gradients which would disturb any vertical distribution of larvae. Alternatively, the larvae may 
find it difficult to exercise their preferences regarding optimum light intensity, because of the high 
velocity gradients. Hence the vertically uniform spat settlement on the intake screens. Extremely low 
settlement at Sta 3 when compared to Sta 1 (SNK tests, P<0.001) and Sta 2 (SNK tests, P<0.001), 
is likely to be due to the presence of chlorine residuals. This data thus indicate efficacy of the presently 
adopted chlonnation regime to discourage spat settlement within the intake tunnel (See also, Rajagopal 
et al., 1991b; 1996). 
In our study, a maximum growth size of 119±21 mm shell length was recorded in the first year 
for P. vindis growing on the intake screens. This value is higher than the values reported from 
elsewhere in India: 93 mm from Kakmada on the east coast (Narasimhan, 1980) and 96 mm from Goa 
on the west coast (Rao et al., 1975). However, growth rate in the coastal waters was found to be 
98±0.7 in 370 d. We also observed that mussels confined in cages in the coastal waters reached the 
same size as those on test blocks after a period of one year growth. The increase in growth rate at 
Sta 2 is, as expected, a result of increased food flux rate caused by the high flow rate. The overndmg 
importance of food supply in mussel growth rate has been emphasised by Seed (1976) and Seed and 
Suchanek (1992). Other authors who studied growth rates of P. viridis include Lee (1985; 1986) and 
Cheung (1993). Lee (1986) recorded low (5 mm month ') growth rates in the polluted Victona Harbour, 
Hong Kong. Similarly, Cheung (1993) reported a growth of 49.7 mm in one year from Tolo Harbour, 
another polluted harbour in Hong Kong. In companson, the growth rate recorded at Sta 2, stands apart 
as the figure (10 mm month ') is the highest ever reported for P. viridis (Vakily, 1989). 
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Response of the green mussel, Perna viridis (L) to heat treatment in relation to 
power plant biofouling control 
Abstract 
Biofouling in the cooling water circuits of coastal power stations presents considerable problems for 
their normal operation. Although chlorination is commonly practised, operational problems, safety 
concerns and environmental issues have made it necessary to look for alternative methods of 
control. Heat treatment is considered as a viable alternative and is being practised by a few utilities 
in the USA and The Netherlands. This paper presents data on the lethal and sublethal effects of 
temperature on the green mussel, Pema viridis (L), a species causing fouling problems for the 
Madras Atomic Power Station, located on the east coast of India. 
Mortality pattern and the physiological behaviour (byssus thread production, filtration rate 
and foot activity index) of the green mussel were studied at temperatures varying from 10 °C to 46 
°C. Synergistic effects of salinity and temperature on mortality were also studied. Exposure of 2 
mm size group mussels to a temperature of 39 °C showed 50% mortality in 5Θ min and 100% 
mortality in 73 min. Mortality was strongly dependent on age (size) of the mussels, young ones 
being more susceptible than older ones. The study indicated that heat treatment has distinct 
advantages as an alternative to control mussel fouling in tropical power stations. 
Introduction 
Settlement and growth of fouling organisms in the cooling systems of coastal power plants cause 
several problems to the plant operators (Dobson, 1946; Jenner, 1980; Relini, 1964; Brankevich et 
al., 19Θ8). Of all the organisms that constitute fouling in seawater systems, mussels are known to 
cause the most serious problems (White, 1964; Holmes, 1970; Rajagopal, 1991; Claudi and 
Mackie, 1994). Apart from flow reduction in the intake tunnel, clumps of mussels can effectively 
block condenser tube inlets and thereby affect the efficiency of steam condensation as well as 
causing erosion-corrosion of the tubes (Collins, 196Θ; Imbro and Gianelli, 19Θ2; Neitzel et al., 
1984). 
The antifouling measures adopted in any maritime industry depend on the type of the system 
that is fouled. While copper and organotin antifouling paints have been used by the shipping 
industry (Evans, 1970; Gibson, 1972), the offshore oil industry depends mainly on underwater 
hydroblasting for cleaning the platform legs of excessive marine growth (Venugopalan, 1987). In 
coastal power plants, chlorination has been the most commonly employed method of control 
(Turner et al., 1948; Lewis, 1961; White, 1966; James, 1967; Jenner, 1985; Whitehouse et al., 
1985; Rajagopal et al., 1991a). Mussel control using chlorination is widely practised and has been 
reviewed by Whitehouse (1975), Opresko (1980), Lewis (1985) and Rajagopal et al. (1991b). While 
effective control of all types of fouling can be achieved by this method, problems anse due to the 
hazards involved in the transport and storage of large quantities of chlorine (Brungs, 1977; 
Truchan, 1977; Waite et al., 1978; Smith and Kretschner, 1984). More importantly, increasing 
environmental concern about the discharge of chlorinated water (containing trihalomethanes) to the 
environment has resulted in effluent stipulations being made increasingly strict (Bongers et al., 
1977; Wackenhuth and Levine, 1977; Satpathy, 1990). Alternative methods of control have been 
tried (Lewis, 1964; Burton and Liden, 1978; Hovland, 1978; Waite and Fagan, 1980; Jenner, 1982; 
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Fischer et al., 1984), but with the exception of heat treatment (Dobson, 1946; Chadwick et al., 
1950; Benson et a l , 1973; Graham et al., 1975; Stock and Strachan, 1977; Jenner, 1982; 
Rajagopal et al., 1994), none has proved particularly promising. It may be noted that a few utilities 
in The Netherlands and California (USA) have been successfully using heat treatment as a means 
of controlling mussel fouling. 
Heat treatment is also a promising mode for the control of mussels in power stations in 
tropical waters, but there are hardly any data on the response of green mussel, Pema viridis (L), 
one of the most important fouling species in Indian coastal power stations (Rajagopal et a l , 1991b) 
to heat treatment. Therefore, experiments have been carried out to study the lethal and sublethal 
responses of mussels to varying degrees of heat treatment. Studies of this kind should help 
optimise techniques, so that maximum control can be achieved with minimum financial and 
environmental impact. 
P. viridis is the dominant fouling species in the sub-seabed tunnel of Madras Atomic Power 
Station (Rajagopal et a l , 1991a). It was reported that out of 578 tonnes of biofouling lodged inside 
the tunnel, P. viridis alone constituted 411 tonnes (Rajagopal et a l , 1991b). In Kalpakkam coastal 
waters, P. viridis has two peak breeding periods in a year, one during April-June and the other in 
October. P. viridis grows to 12 mm in shell length in a month and to 96 mm in a year. The present 
study focuses on the responses of different size groups of P. viridis to different temperatures. 
Materials and methods 
The response of the P. viridis to different temperatures was studied using animals collected from 
the coastal waters near the Madras Atomic Power Station (MAPS) intake area. In the laboratory, 
the mussels were acclimated in seawater (34.1 ± 0.6%o salinity and 29.3 ± 0.8 °C temperature) for 
two days. Mussels were picked up from this stock for each experiment. Their shells were carefully 
cleaned of epizoic organisms and the stub of the old byssus was nipped of with scissors, disturbing 
the animal as little as possible. 
Mortality 
Seven mussel size groups (shell length + SD; 2.3 ± 0.1 mm, 12.2 ± 0.9 mm, 29.7 ± 0.8 mm, 48.6 
± 1.4 mm, 69.6 ± 1.0 mm, 88.1 ± 2.1 mm and 110.6 ± 1.9 mm) were tested for eight different 
target temperatures (39 °C to 46 °C, at 1 °C intervals). In preliminary experiments, it was found that 
at a temperature of 39 °C, 100% mortality occurred in large mussels (>100 mm shell length) after 
about three hours exposure. Considering the fact that approximately three hours is the maximum 
possible duration for heat treatment in actual utility systems (Jenner, 1982), experiments involving 
temperatures below 39 °C were not included, as this would have entailed even longer times of 
experimentation. 
Factors which may affect temperature tolerance such as size of the test animal, salinity, and 
dissolved oxygen were kept as stable as possible in each experiment. Salinity was maintained 
between 33.8%o and 34.6%o and dissolved oxygen between 5.9 mg Γ' and 6.2 mg Γ'. Dissolved 
oxygen was maintained by the use of aerators. Moreover, the test mussels were not fed during the 
course of the experiments. After 48 hours of acclimation, the test mussels (six animals) were 
introduced into a 5 I capacity double walled beaker containing 3 I of seawater. The temperature 
was raised at the rate of 0.1 °C min'1 using a recirculating water bath (ultrachriostat ISSREF, cat no 
IRI 017). The rate of increase was chosen as it corresponds to the rates that can be expected 
during heat treatment in power plants (Jenner, 1982; Whitehouse et a l , 1985). In addition, the 
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combined effect of temperature and salinity (15%«, 25%o and 35%o) was tested for three size groups 
of mussels (12 7 ± 0 8 mm, 50 0 ± 1.4 mm and 89 8 ± 1 9 mm) Since the death of the mussels is 
often not directly observable (Waugh and Garside, 1971; Wallis, 1975), mussels failing to respond 
to external stimuli by closing their shells when removed from water, were deemed dead. However, 
those mussels which were deemed to have died were placed in ambient seawater for at least three 
days with a view to observe recovery, if any. The mussels recovering in this way were recorded 
separately and not tested again (Ansell et a l , 1980) The number of dead animals in each 
experiment was recorded along with the time at which death occurred 
Sublethal response 
In addition to mortality, filtration rate, foot activity index and byssal thread production were studied 
in five size groups of mussels (12.3 + 0 4 mm, 30 5 + 0.7 mm, 50 6 + 0 8 mm, 70 6 + 0 8 mm and 
100 6 + 1 3 mm shell length) at eight different temperatures (10 °C, 15 °C, 20 °C, 25 °C, 30 °C, 
32 5 °C, 35 °C and 37.5 °C), in an effort to understand the sublethal effects of temperature on 
mussels All experiments were earned out using a constant temperature water bath and each 
experiment was run using 10-15 independent groups for each size group and temperature. 
Filtration rate 
For determination of the filtration rate, the method desenbed by Coughlan (1969) was used. The 
method is based on the absorption of neutral red by mussels from ambient water A concentrated 
solution of neutral red was added to Millipore (0.45 μπι) filtered seawater to obtain a final 
concentration of 1 mg 11 of the dye The seawater was filtered to remove suspended matter that 
may interfere with spectrophotometnc analysis The test organisms were introduced to the beaker 
containing the dyed seawater Ten ml aliquots of the seawater were drawn at 30 minutes intervals 
for three hours and the concentration of the dye in each aliquot was determined by measuring the 
optical density at 530 nm in a Shimadzu Graphicord UV 240 spectrophotometer Concentrations 
were read off a calibration curve prepared earlier. The rate of filtration was calculated using the 
equation of Coughlan (1969). 
M C0 
m = — log — 
n.t C, 
where M = the volume of the test solution; η = number of mussels used, t = time (h); C0 = initial 
concentration of the dye, C, = concentration of the dye at time t, m = the rate of filtration (ml h ' 
musset1). 
Foof activity index 
For determining foot activity index, six mussels were kept in 31 of seawater and left undisturbed for 
24 h. Every ten minutes, a note was made of the number of animals with the foot extended outside 
the shell. No attempt was made to follow the foot activity of individual mussels. For each 
experiment, all foot activity readings were analysed and the percentage foot activity was calculated 
(Holmes, 1970). 
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Byssus thread production 
The rate of byssus thread production was determined following procedures outlined by Winkle 
(1970) and Allen et al. (1976). About 500 ml seawater was transferred to a series of 1 I glass 
beakers and in each beaker one mussel was placed. The number of byssus threads produced was 
counted after 24 h and expressed in threads mussel'1 t í ' (Winkle, 1970). 
Statistical analysis 
The difference in activity between control (30 °C) and experimental mussels in filtration rate, foot 
activity index and byssus thread production, was compared by /-tests in order to detect significant 
differences (Sokal and Rohlf, 1981). The post hoc multiple comparisons of differences between 
size groups were done using Student-Newman-Keuls (SNK) tests along with one-factor ANOVA 
(Wilkinson, 1989). The relationship between foot activity index and byssus thread production of 
mussels at different temperatures was analysed using linear regression (Sokal and Rohlf, 1981). 
The data obtained on mortality of mussels at different temperatures were subjected to probit 
analysis, yielding the statistic LT^ (Litchfield and Wilcoxon, 1949; Wallis, 1975). 
46 -
34 
100% Mortality in 
Kalpakkam 
coastal waters 
100% Mortality 
in Wadden Sea 
t 
100% Mortality 
in Califorrrian 
coastal waters 
I 
20 40 60 80 
Duration of exposure (min) 
100 120 
Fig.1. Data on the time-mortality relationships of green mussel, Perna viridis (12 mm size group 
mussels) at Kalpakkam along with published results for blue mussel, Mytilus edulis from 
Californien coastal waters (Graham et al., 1975) and the Dutch Wadden Sea (Jenner, 
1982), for comparison. 
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Results 
Mortality 
Data on the mortality of mussels belonging to seven size groups at different target temperatures 
are given in Table 1. The data clearly show a size-dependent variation in the response of mussels 
to temperature (ANOVA, P<0.001), i.e. large mussels showing more tolerance as compared to 
small ones. At 39 °C, mussels in the 2 mm size group showed 100% mortality after 73 min, 
whereas in the 111 mm size group showed 100% mortality after 209 min (SNK tests, P<0.001). At 
43 °C, mussels in the 2 mm and 111 mm size groups reached 100% mortality in 3 min and 31 min 
respectively (SNK tests, P<0.001). For comparison, data on blue mussels, Mytilus edulis L. publi­
shed from Californian coastal waters and the Dutch Wadden Sea have also been given in Fig. 1. 
Data on the combined effect of salinity and temperature on the three size groups of 
mussels (Fig. 2) indicate that the time required to achieve 100% mortality of mussels was less at 
15%o as compared with 35%o. For instance, at 39 °C mussels in the 13 mm size group showed 
100% mortality in 116 min at 35%o and in 84 min at 15%o (Fig. 2, Tukey's Studentised Range test, 
P<0.05). 
Comparison of LT^ values of different size groups of mussels also shows that larger 
mussels are more resistant than smaller ones (Fig. 3). At 39 °C, mussels in the 2 mm and 111 mm 
size group mussels took 58 min and 158 min respectively to achieve 50% mortality (SNK tests, 
P<0.001). At 43 °C, mussels in the 2 mm size group took 1 min to reach 50% mortality whereas, 
those in the 111 mm size group took 21 min (SNK tests, P<0.001). 
Table 2. Filtration rate of various size groups of mussels at different temperatures. Values are presented as 
mean + SD (n = 10-15). The differences between control (30 °C) and experimental mussels are compared by 
f-tests and posf hoc multiple comparisons of differences between size groups were done using Student-
Newman-Keuls (SNK) tests along with one-factor ANOVA. 
Temp. Filtration rate (ml h ' musset1) ANOVA 
(°C) 
Size of the mussels (mm + SD) 
10.0 
15.0 
20.0 
25.0 
30.0 
32.5 
35.0 
37.5 
12.1+0.5 
8.6+2.6"* 
17.1+1.9*" 
20.6+2.7*" 
29.4+1.4™ 
32.2+1.6 
28.7+2.1* 
17.6+2.3'" 
5.4+2.0*" 
30.4+0.7 
10.4+2.7'" 
17.2+1.9*" 
33.6+2.0" 
38.8+2.3™ 
41.2+2.6 
36.4+3.4M 
30.6+2.2" 
6.6+2.9'" 
50.2+0.9 
14.1+2.2"* 
25.5+3.7*" 
36.6+2.4" 
47.3+1.7" 
44.2+1.4 
40.8+2.Γ 
33.7+2.5'" 
10.6+2.2*" 
70.8+0.7 
16.7+2.4"* 
23.5+2.0*" 
39.3+2.3'" 
49.7+2.1* 
56.7+1.4 
54.3+1.7™ 
39.7+2.5*" 
6.9+2.8"* 
100.6+1.4 
15.7+3.2'" 
24.2+2.2'" 
40.6+1.5*" 
59.3+2.3™ 
58.9+1.1 
63.5+1.8™ 
46.2+2.6'" 
17.0+2.6"* 
F 
17.347 
27.515 
129.280 
323.600 
428.700 
369.460 
194.330 
35.034 
Ρ 
*** 
*** 
*** 
*** 
* + * 
*** 
* ** 
*** 
Levels of significance indicated by: *P < 0.05; "P < 0.01 ; *"P < 0.001 ; " = not significant. 
Filtration rate 
At 30 °C, mussels in the 12 mm size group showed a filtration rate of 32.2 ml h'1 mussel"1, but as 
the temperature increased to 35 °C, the filtration rate reduced to 17.6 ml h'1 mussel"1 (Table 2, f-
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tests, P<0.001). Further, there was a very sharp decrease to 5.4 ml h'1 mussel'1 at 37.5 °C (f-tests, 
P<0.001). This pattern of a sharp decrease between 35 and 37.5 °C was observed in all the size 
groups tested. However, temperature at which the maximum filtration rate was observed varied 
slightly for different size groups; i.e. for young mussels (the 12 mm size group) the maximum 
200 -ι 
2 0 0 n 
Size group: 50.0 ±1.4 
4SDo.o5 = 3.04 
Size group: 89.8 ±1.9 
4SDo.o5 = 3.32 
40 41 
Temperature (°C) 
15 % E S 25 °/bo C U 35 «¿о 
Fig.2. Exposure time for 100% mortality of three size groups of green mussel, Perna viridis 
subjected to the combined effect of salinity and temperature. Data are expressed as mean 
+ SE, η = 36. Results were analysed by two-factor ANOVA using temperature and salinity 
as independent variables, 'least significant differences between mean values were 
computed by Tuke/s Studentised Range test (P<0.05). 
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Fig.3. Time required for 50% mortality (LTJ of green mussel, Pema viridis of different size 
groups (after probit and regression analysis at different temperatures). 
filtration rate was observed at 30 °C whereas in older mussels (111 mm) the maximum filtration 
rate was observed at 32.5 °C (f-tests, ft>0.05). 
Foof activity index 
The maximum foot activity index of 77% was recorded at 32.5 °C for mussels in the 13 mm size 
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group (Table 3). The reduction in foot activity was very sharp between 35 °C (f-tests, P<0.01) and 
37.5 °C (f-tests, P<0.001), indicating that 35 to 37.5 °C is the range of temperature in which 
physiological activities are critically affected in these mussels. Data also show a clear size-
dependent variation in foot activity index (ANOVA, P<0.05). As the size increased, a progressive 
decrease in foot activity index was observed. However, the size-dependent response appears to be 
significant between 25 °C and 35 °C (see Table 3). 
Table 3. Foot activity of various size groups of mussels at different temperatures. Values are presented as 
mean + SD (η = 10-15). The differences between control (30 °C) and experimental mussels are compared by 
f-tests and posf hoc multiple comparisons of differences between size groups were done using Student-
Newman-Keuls (SNK) tests along with one-factor ANOVA. 
Temp. 
(°C) 
10.0 
15.0 
20.0 
25.0 
30.0 
32.5 
35.0 
37.5 
12.6+р.З 
6.5+4.9"* 
19.3+10.0*" 
46.3+12.6*" 
71.4+7.6™ 
75.8+4.2 
76.9+6.2™ 
34.9+6.9"* 
3.2+3.6*" 
Foot activity (%) 
Size of the mussels (mm + SD) 
30.5+0.7 
9.5+6.4*" 
18.9+8.4'" 
38.8+10.5" 
54.4+5.3"* 
59.4+3.3 
64.2+8.5"· 
35.8+7.3*" 
8.2+5.9*" 
50.9+1.1 
8.4+6.9*" 
15.7+7.6'" 
44.9+8.3" 
57.3+6.7™ 
55.5+5.4 
63.6+7.3' 
29.6+8.2'" 
7.3+4.6'" 
70.4+1.0 
7.4+5.3*" 
20.1+10.2*" 
38.8+10.7*" 
50.4+5.4*" 
62.5+4.1 
58.6+10.6™ 
37.3+7.3*" 
10.1+7.4*" 
100.6+1.2 
5.2+4.3"' 
17.6+9.3"* 
40.3+7.4*" 
53.7+7.2" 
64.3+3.3 
55.4+6.7* 
40.4+5.6'" 
5.1+4.5*" 
ANOVA 
F 
0.875 
0.355 
1.233 
15.839 
34.445 
10.506 
3.118 
2.521 
Ρ 
ns 
ns 
ns 
*** 
*** 
* ** 
* 
ns 
Levels of significance indicated by: 'P < 0.05; " P < 0.01 ; ***P < 0.001 ; ™ = not significant 
Byssus thread production 
At 25 °C, mussels having a mean size of 12 mm produced approximately 2 threads mussel'1 h'1 
(Table 4). However, at 35 °C, a sharp decrease was noticed in the byssus thread production (0.55 
threads musser1 h"1; f-tests, P<0.001). At 37.5 °C, byssus production almost ceased for all size 
groups tested. As in the case of the foot activity index (Table 3), a size-dependent variation in the 
rate of thread production was observed (ANOVA, P<0.001), with the rate of thread production 
decreasing with increasing shell size of mussels (see Table 4). Foot activity index and byssus 
thread production of mussels were strongly correlated (Spearman rank correlation test, r = 0.91, 
P<0.0001) at different sublethal temperatures (Fig. 4). 
Discussion 
In a power plant, cooling water during its passage through the condenser tube, picks up heat and 
is discharged at a suitable site. The difference between the intake and outfall temperature (ΔΤ) is 
usually maintained below a stipulated limit to avoid any potential damage to the environment. In a 
biofouling control programme involving heat treatment, the heated effluent, instead of being 
discharged, is recirculated through the precondenser section. This recirculation is done until the 
water flowing through the precondenser section is of a sufficiently high temperature to kill all the 
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Table 4 Byssus thread production in vanous size groups of mussels at different temperatures Values are 
presented as mean + SD (n = 10-15) The áfferences between control (30 °C) and expenmental mussels are 
compared by f-tests and post hoc multiple comparisons of differences between size groups were done using 
Student-Newman-Keuls (SNK) tests along with one-factor ANOVA. 
Temp Byssus thread production (threads mussel ' h1) ANOVA 
(°C) 
Size of the mussels (mm + SD) 
100 
150 
20 0 
25 0 
30 0 
32 5 
35 0 
375 
123+04 
0 00+0*" 
0 55+0 22"' 
101+0 20"* 
196+017™ 
1 87+0 24 
1 60+0 22* 
0 54+015"' 
000+0"' 
30 5+07 
0 04+0 01"* 
0 79+0 26'" 
1 56+016'" 
179+0 21*" 
139+017 
1 07+0 25" 
017+010'" 
0 01+0*" 
50 8+06 
0 00+0*" 
0 25+0 09"' 
0 95+019™ 
106+0 28™ 
110+014 
0 68+0 07"' 
024+0 07*" 
000+0"' 
70 6+07 
0 00+0*" 
0 41+010"* 
0 95+0 23™ 
0 84+012™ 
0 78+018 
0 50+012"* 
0 06+0 05*" 
0 00+0*" 
100 5+10 
000+0"* 
0 04+0 02'" 
0 67+014* 
0 71+017' 
0 55+010 
0 36+015" 
0 08+0 02"* 
0 00+0*" 
F 
2 500 
30 342 
30 402 
82 761 
90 461 
82 030 
46 675 
0100 
Ρ 
ns 
*** 
*** 
*** 
*** 
*#* 
*** 
ns 
Levels of significance indicated by 'P < 0 05, "P < 0 01, '"P < 0 001, ™ = not significant 
organisms growing inside. Fouling control based on heat treatment is being practised at a few 
power stations in temperate waters (Jenner, 1982). A survey of the literature shows the potential of 
heat treatment as an effective fouling control measure. For example, Chadwick et al (1950) 
observed that although the intake tunnels of power stations are heavily infested with fouling 
organisms, no senous fouling occurs in the discharge tubes. Ritchie (1927) described a system for 
controlling marine growth by periodically reversing the flow of condenser effluent down the 
alternative intake tunnel. Experimental work on the thermal tolerance of Mytilus, along with trials at 
the Redondo power station, California (Chadwick et al., 1950; Fox and Coheran, 1957) showed 
that Mytilus edulis could be controlled by flushing the intake tunnels with condenser effluent at a 
maximum temperature of about 43 °C, once every four weeks during peak spatfall. At Eems power 
station, The Netherlands, a temperature of about 3Θ °C is used for 1 h to ensure 100% mortality of 
M edulis; it has also been reported that this treatment is more economical and less damaging to 
the environment than continuous chlonnation (Jenner, 1983). 
Time-temperature-mortality curves of marine bivalves are typically charactensed by a steep 
increase in mortality within narrow ranges of temperatures, the range being typical of the 
organisms being tested. Jenner (1982) observed that in most of his experiments on the response 
of M edulis to temperature, either all animals were killed or all survived. Hence the point of death 
was fairly sharply-defined with little vanation from one individual to an other. Similarly Wright et al. 
(1983) recorded only "small differences between temperatures causing little or no mortality and 
those producing a complete kill'. 
The present studies showed that 100% kill of all size groups of mussels could be achieved 
by raising the temperature to 43 °C and maintaining that temperature level for about 30 minutes 
(Table 1). However, significant size-dependent variation in the mortality of mussels was observed 
at all target temperatures (ANOVA, P<0.001) Moreover, the exposure time required to kill 1 0 0 % in 
a given temperature is only a little above the LT M for all size groups of mussels. The thermal 
tolerance of P. viridis was also found to be influenced by the salinity of the seawater, 30%o to 35%o 
seems to be the optimum for thermal resistance, whereas a decrease in salinity reduces the time 
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threads produced by 2 mm size group mussels corresponding to the foot activity index at 
10 °C to 37.5 °C). 
required for mortality (Fig. 2). Wallis (1975) also reported similar findings in his studies on thermal 
tolerance of M. edulis, Wallis (1975) also observed that the tolerance of mussel populations 
declines with an increase in latitude. It will be interesting to look for such a variation in P. viridis 
also. This aspect is significant since P. viridis has a wide geographic distribution extending from 
South Africa to Singapore and the Philippines, China and Siam (Rao, 1990). 
The death of mussel M. edulis subjected to heat treatment has been shown to be 
associated with degeneration of the frontal and laterofrontal cilia of the columnar epithelium of the 
gill filaments and necrosis of the epithelia of intestinal diverticula (Gonzalez and Yevich, 1976). As 
in the present case, Gonzalez and Yevich also observed that higher temperature causes a 
reduction in the feeding rate, which could be attributed to the degeneration of the gill filament and 
histological changes in the stomach and intestine. Read (1962) demonstrated that the weight 
specific respiration rate of large mussels decreased appreciably at higher temperatures, the 
probable reason being the gill damage mentioned above. Histological studies by Gonzalez and 
Yevich (1976) also reported that at higher temperature the formation of byssus thread in M. edulis 
was weak and irregular. The present study has indicated that at higher temperatures byssus 
production of P. viridis is completely stopped. 
At sublethal temperatures, mussels in general respond to sudden changes in temperature 
by closing their shells. In doing so, they isolate their body tissues from changes in the external 
environment (Bayne, 1976). Trueman and Lowe (1971) suggested that temperature sensitive 
receptors on the mantle might be responsible for shell closure in mussels. The period for which 
they remain closed may last for many days, with only short and intermittent periods of shell 
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opening (Widdows, 1973). However, at lethal temperatures, mussels are forced to shut their valves 
and exist on stored food reserves and anaerobic respiration, until energy resources are depleted or 
metabolic wastes reach a toxic level (Bayne et al., 1976). In the present study, physiological 
activities such as filtration rate, foot activity and byssus thread production of mussels were 
significantly reduced (f-tests, P<0.001) when the temperature increased from 32.5 °C. Moreover, a 
higher percentage reduction of physiological activities was observed in young mussels. It is well 
known that young mussels are more active than older ones and have relatively high metabolic 
rates (Seed, 1969; Bayne, 1976). Therefore, juveniles, under stress, might react more rapidly than 
larger mussels. Further, differences in filtration rate among different size groups of mussels is 
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Fig.5. Differences in exposure time for 2 mm and 88 mm green mussels to reach 50% and 100% 
mortality when exposed to different target temperatures. 
possibly due to variations in the gill area as reported by Hughes (1969) and Vahl (1973). A 
regression analysis showed that the foot activity index is significantly correlated with byssus thread 
production (r = 0.91), as expected. 
Comparisons of LTM values (Fig. 3) for young and adult mussels show that the latter are 
more resistant than the former. Similar results were reported for some other bivalves by Wallis 
(1975) and Ansell and McLachlan (1980). Conversely, Kennedy and Mihursky (1971), Ansell et al. 
(1980) and Ansell et al. (1981) have shown a decrease in LTM with increasing age of the bivalves. 
However, in the present study, 50% of mussels in the 2 mm size group died within 58 min of 
exposure to 39 °C whereas at the same temperature 50% mortality of mussels in the 111 mm size 
group was observed after 158 min (Fig. 3). The differences in exposure time to reach 100% and 
50% mortality between mussels in the 2 mm and 88 mm size groups also showed a significant 
size-dependent variation (Fig. 5). At 39 °C, the difference in exposure was 133 minutes (100% 
mortality). This implies that when different age groups of P. viridis are subjected to thermal stress, 
the juveniles are likely to die more quickly. The significance of this observation is that following 
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peak breeding periods when young mussels are encountered in the cooling circuits, heat treatment 
could be economically employed, as the time required to kill them would be comparatively less 
than larger mussels (Fig. 3). 
Chlorine doses 
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Fig.6. Seasonal variations of chlorine demand at four different doses in Kalpakkam coastal waters 
during February 1989 to January 1990. Chlorine residuals were measured after five minutes 
for calculation of the demand. 
As already mentioned, low-level chlorination is employed at MAPS to control mussel fouling. 
The maintenance of chlorine residual at such low levels (e.g. 0.2 mg Γ1) poses many difficulties 
(Rajagopal, 1991). The problem is compounded by the temporal variations in the chlorine demand 
of the incoming seawater (Fig. 6) and relatively high costs of about Rs. 40 lakhs (US$ 151,000 
equivalent) per year (Nayar and Raghunathan, 1990). 
It is in this context that heat treatment of the cooling water as an antifouling strategy 
assumes greater importance for power plants in tropical coastal waters. However, the method also 
has problems in that the application involves a certain level of production penalty for the power 
plant. However, power plants operating in The Netherlands and on Californian coast have been 
successfully using this technique for biofouling control. If power plants operating in temperate 
waters use heat treatment as an economically viable method to control biofouling, it is likely that 
the same treatment will be more economical in the tropics. This is because the ambient 
temperatures in the tropics are closer to the upper lethal temperatures of marine life as compared 
to those of temperate waters. Therefore, the energy required to be spent to raise the water 
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temperature to the desired level is also correspondingly less. This is clearly illustrated in Figure 1, 
where a comparison is made between the mortality patterns of mussels in Kalpakkam waters, in 
Califomian coastal waters (ambient seawater temperature = 12-21.5 °C; Stock and Strachan, 
1977) and in the Dutch Wadden Sea (ambient seawater temperature = 4 -18 °C; Jenner, 1982). 
The intake water temperature at Madras Atomic Power Station, Kalpakkam vanes from 31 °C 
during October to about 27 5 °C in December, whereas ΔΤ ranges between 5 2 °C and 9 4 °C 
depending on the power level of the plant (Durairaj, 1990). However, discharge waters which are 
elevated in temperature can be a cause of environmental concern. Stock and Parros (1977) and 
Jenner (1983) suggested that the stress caused by thermal discharges on aquatic ecosystems can 
be avoided largely by adopting suitable heat treatment schedules. A decrease in the maximum 
temperature required to ensure 100% mortality, is advantageous from an environmental as well as 
from economic and technological considerations (Jenner, 1982). Nevertheless, mussels inside the 
MAPS tunnel had a layered settlement pattern (thickness of up to 35 cm) as evidenced by 
Remotely Operated Vehicle observations (Rajagopal et al., 1991b). Therefore, the temperature has 
to be maintained for sufficiently long to make sure that the inner clumps of mussels are also killed. 
Further detailed studies on the response of green mussels and other fouling species to heat 
treatment under operating conditions in tropical power stations are desirable to optimise heat 
treatment regimes. 
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Response of green mussel, Регпа viridis (L) to chlorine in the context of power 
plant biofouling control 
Abstract 
Results of a study on lethal and sublethal responses of green mussel, Pema viridis exposed to 
different levels of chlorine, are presented. At 1 mg Г' chlorine residuals, 12 mm size group mussels 
showed 100% mortality in 504 hours (21 days) and 95 mm size group mussels in 816 hours (33 days). 
At relatively high levels of chlonne residuals (10 mg I1), 100% mortality in 12 mm and 95 mm size 
groups took 30 and 48 hours, respectively All size groups showed progressive reduction in 
physiological activities such as filtration rate, foot activity and byssus thread production when chlorine 
residuals were increased from 0 to 1.5 mg I1. Reduction in physiological activities of mussels was 
strongly correlated with the concentration of chlonne 
Introduction 
A nuclear power plant of 1000 MW (e) capacity uses about 45 m3 sec ' of cooling water. The manne 
biota associated with incoming water which includes both micro and macro organisms find the cooling 
system components an ideal location for settlement and growth (Jenner, 1980; Daling and Johnson, 
1985, Rajagopal et a l , 1994) Some of the conditions which enhance the development of a 
macrofoulmg community are continuous flow of fresh seawater (Perkins, 1974), reduction in silt 
deposition (Nertzel et a l , 1986), perpetual darkness (Neitzel et al., 1984) and reduction in competition 
and prédation (Jenner, 1982). 
Madras Atomic Power Station (MAPS) is situated at Kalpakkam (12°33'N and 80Ί1Έ), on the 
east coast of India. At MAPS, the greatest problem caused by biofouling has been a drop in the water 
level in the forebay affecting pump submergence (Rajagopal et al., 1989) and blockage of condenser 
tubes by mussel shells (Rajagopal et al., 1991a). Continuous chlonnation has been used at MAPS for 
mussel control. However, in view of the well known toxicity of chlonne to aquatic life, severe restrictions 
are imposed by regulatory agencies on the amount of chlonne that can be discharged to the water 
bodies (Wackenhuth and Levine, 1977; Smith and Kretschner, 1984). Thus, it became imperative to 
generate data on the optimum level of chlorine required for efficient biofouling control 
Green mussels, Pema viridis (L.) are the dominant fouling species in the sub-seabed tunnel of 
MAPS (Rajagopal et a l , 1991a). It was reported that out of 578 tonnes of fouling biomass lodged 
inside the tunnel, P. viridis alone constituted 411 tonnes (Rajagopal et al., 1991b) In Kalpakkam 
coastal waters, Ρ vindis, has two peak breeding periods in a year one dunng May-June and the other 
in October (Rajagopal, 1991). A growth rate of 97 mm shell length in an year was observed in Ρ 
vindis, which is much higher than the values reported so far in the literature (Rajagopal et al., 1991b). 
The present study reports the lethal and sublethal response of different size groups of green mussel 
to various chlonne levels. 
Materials and methods 
The response of green mussels to different chlonne concentrations was studied in the laboratory. 
Experimental mussels were collected from concrete panels suspended in the coastal waters near the 
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intake area of MAPS where seawater is taken for condenser cooling (for details of the cooling system, 
see Rajagopal et al., 1991a). In the laboratory, the mussels were left undisturbed in seawater (34.08 
+ 0.58%o salinity, 8.1 + 0.1 pH and 29.3 + 0.76°C temperature) for two days to allow them to recover 
from the effects of stress. The mussel shells were carefully cleaned of epizoic organisms and the stub 
of the old byssus was nipped off with scissors, disturbing the animal as little as possible. Animals were 
picked up from this stock for each experiment. 
Lethal response 
Three size groups viz., 12 mm (1 month old), 60 mm (6 months old) and 96 mm shell length (12 
months old) of mussels were tested for different chlorine doses (1 to 10 mg Γ1). Seawater collected 
from the coast was used for the experiment, after a day's storage. Factors which may change the 
response of mussels such as salinity, temperature, dissolved oxygen and flow rate were kept constant 
in each of the experiments. Salinity was maintained between 33.6%o and 34.2%o. Temperature and 
dissolved oxygen were maintained between 28.9°C and 29.4°C and 5.4 mg Γ1 and 6.3 mg Γ', 
respectively. The experiments were conducted in continuous once-through flow systems, following the 
procedures outlined by Sasikumar et al. (1992). Seawater was stored in a 1501 aquarium tank and 
chlorine solution prepared from bleaching powder was stored in 2 I Erlenmeyer flask. Appropriate 
mixtures of the two were used to maintain desired chlorine concentrations in an experimental tank, 
using a peristaltic pump (Buchler Instruments, Port Lee, N.J., USA, Model No. 73351). Mixing of the 
water was facilitated by the use of aerators. The chlorine concentrations (residual chlorine) were 
determined at regular intervals in the tanks to ensure a uniform distribution of chlorine residuals. 
Residual chlorine measurements were done using the iodometric method (White, 1972). A continuous 
flow at a rate of 80 ml min"1 was maintained throughout the test. After 48 hours of acclimation, the 
mussels were introduced into the experimental tanks containing seawater of known chlorine 
concentration. The levels of residual chlorine were also monitored every 30 minutes intervals at the 
outlet. Mussels failing to close their shells as a response to external stimuli, when removed from water, 
were deemed dead (Wallis, 1975). However, these mussels which were deemed to have died were 
placed in ambient seawater for at least three days so that any recovery could be observed. The 
number of dead animals in each experiment was recorded, along with their lengths and weights for 
each observation time. 
Sublethal responses 
Filtration rate, foot activity and byssus thread production of different size groups of mussels were also 
studied at six different chlorine concentrations (control, 0.25 mg I'1,0.50 mg Γ', 0.75 mg Γ1,1.00 mg 
Γ
1
 and 1.50 mg Γ1). Experiments were run exactly as detailed above with 10 to 15 replicates with the 
difference that the mussels were left for 24 hours for foot activity and byssus thread production and 
for three hours for filtration rate studies. 
Rate of filtration was measured following the method described by Coughlan (1969). The 
method is based on the absorption of neutral red by mussels from the ambient water. A concentrated 
solution of neutral red was added to Millipore (0.45 μπι) filtered seawater to obtain a final concentration 
of 1 mg Γ1 of the dye. Mussels, after acclimation, were transferred to experimental tanks. Samples (10 
ml aliquots) were taken at 30 minutes interval for 3 hours and the concentration of dye in each aliquot 
was determined by measuring the optical density at 530 nm in a Shimadzu UV-visible recording 
spectrophotometer (model Graphicord UV 240). The rate of filtration was calculated using the following 
equation (Coughlan, 1969): 
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m = (ІИ/n.t) log (CyC,) 
where, M is the volume of the test solution, η the number of animals used in the experiment, C0 the 
initial concentration of the dye, C, the concentration of the dye at time t and m the rate of filtration in 
ml h'1 mussar1. 
For foot activity, a note was made of the number of mussels with the foot extended outside the 
shell every 10 minutes for 24 hours, following procedures described by Holmes (1970). For each 
experiment, all foot activity readings were analyzed and percentage foot activity was calculated 
(Holmes, 1970). Same procedure was repeated for 10-15 times for each experiment. 
Rate of byssus thread production was determined following the methods outlined by Winkle 
(1970) and Allen et al. (1976). Byssus threads produced by each mussel was counted after 24 hours 
and expressed in threads mussel'1 h'1 (Winkle, 1970). 
Statistical analysis 
The sublethal responses of different size groups of mussels to various chlorine levels were analyzed 
using linear regression and statistical tests of the correlation coefficients. The difference in 
physiological activity between control and experimental mussels were compared by't' tests (Sokal and 
Rohlf, 1981). The posteriori multiple comparisons of differences between size groups were done using 
Student-Newman-Keuls (SNK) tests (Wilkinson, 1989). 
1000 
3 5 
Chlorine dose (mg I'1) 
Fig.1. Time of exposure required for different size groups of green mussel, Perna viridisto reach 100% 
mortality when exposed to different chlorine doses. Data are presented as mean + SE (η = 24). 
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The data obtained on lethal responses of mussels to chlorine were subjected to probit analysis 
and the dose-mortality response curve thus obtained yielded the statistic and LT^ (Litchfield and 
Wilcoxon, 1949). 
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Fig.2. Filtration rate of different size groups of green mussels, Perm viridis at different chlorine 
concentrations. Data are expressed as mean + SE (η = 10-15). * ρ < 0.05; ** ρ < 0.01; *" ρ < 
0.001 compared with the control. 
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Results 
Mortality 
No mortality occurred in the control tanks. At all chlorine levels (Fig. 1), the younger mussels (12 mm 
size group) were less tolerant compared to older mussels (>60 mm size groups). At 1 mg Γ1 chlorine 
concentration, the 12 mm size group showed 100% mortality after 504 hours, whereas 95 mm size 
group showed 100% mortality after 816 hours (SNK tests, ρ < 0.001). At the maximum chlorine level 
tested (10 mg Γ1), 100% mortality in the 12 mm and 95 mm size groups took 30 and 4Θ hours, 
respectively (SNK tests, ρ < 0.001). However, significant differences were not observed between 60 
mm and 96 mm size group mussels (SNK tests, ρ > 0.05). 
Filtration rate 
Filtration rate of mussels at different chlorine levels shows a progressive decline as the chlorine 
concentration increases from 0 to 1.5 mg Γ1 (Fig. 2). There was a size dependent variation in the 
filtration rate of mussels (control mussels; df = 31, F = 138.99, ρ < 0.001). For example, the 12 mm 
aSO 0.75 
Chlorine dose (mg Η) 
Fig.3. Foot activity of different size groups of green mussels, Perna viridis at different chlorine 
concentrations. Data are expressed as mean + SE (η = 10-15). * ρ < 0.05; ** ρ < 0.01; *** ρ < 
0.001 compared with the control. 
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size group showed a decrease of filtration rate from 38 ml h 1 mussel ' in the control to 4 ml h ' 
mussel"' at 1 5 mg 11 (df = 20, t = 24.325, ρ < 0 001) whereas the 95 mm size group mussels showed 
a decrease from 61 ml h 1 mussel ' in the control to 9 ml h 1 mussel at 1.5 mg I ' (df = 18, t = 40.025, 
ρ < 0.001). A similar pattern was also evident in other size groups (Fig. 2). 
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Fig.4. Byssus thread production of different size groups of green mussels, Pema viridis at different 
chlonne concentrations. Data are expressed as mean + SE (η = 10-15). * ρ < 0.05; ** ρ < 0.01; 
"* ρ < 0.001 compared with the control. 
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Foot activity 
In the control experiment, using the 12 mm size group, registered the highest foot activity of 80% 
(Fig. 3). At increased concentrations of chlorine, the foot activity tended to decrease, reaching a very 
low level of 6% at 1.5 mg Γ1 of residual chlorine (df = 18, t = 27.893, ρ < 0.001). A similar pattern was 
evident for other size groups of mussels as well. Furthermore, at a given concentration, foot activity 
was greater in small mussels as compared to large ones up to a concentration of 0.50 mg Γ1. 
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Fig.5. Percentage reduction in filtration rate, foot activity and byssus thread production of different size 
groups of green mussels, Pema viridis at different chlorine concentrations. 
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Byssus thread production 
Control mussels of the 12 mm size group showed a maximum thread production of 2.5 threads mussel" 
1
 h ' (Fig. 4). Minimum thread production of 0.04 threads mussel'1 h"1 was observed at 1 mg Γ1 chlorine 
(df = 18, t = 33.422, ρ < 0.001) in the same size group. An interesting feature of the data was that 
mussels of 30 mm, 50 mm and 70 mm size groups produced byssus threads at higher rates when 
compared to 12 mm size group and 100 mm size group at chlorine concentrations ranging from 0.75 
mg Γ1 to 1.5 mg Γ1. In general, the data indicate that the ability of mussels to attach themselves is 
seriously hampered in chlorinated waters. 
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Fig.6. Relationship between chlorine concentrations and physiological activities of different size groups 
of green mussels, Pema viridis (each point represents mean value of 10 to 15 mussels). All 
regression parameters are significant at ρ < 0.0001. 
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Filtration rate, foot activity and byssus thread production of mussels showed increasing reduction 
with increasing doses of chlorine (Fig. 5) For the 12 mm size group mussels, filtration rate showed 
a reduction of 18% (p < 0.01) and 89% (p < 0.001) at 0 25 mg Γ and 1 5 mg 11, respectively. Similarly, 
at 1.5 mg I ', foot activity and byssus thread production showed a reduction of 92% (p < 0.001) and 
100% (p < 0.001), respectively, for the same size group of the mussels. At a given chlorine dose, 
filtration rate, foot activity and byssus thread production showed maximum reduction in juvenile 
mussels. 
Linear regressions of the concentration of chlorine doses on the sublethal responses of different 
size groups of mussels are shown in Fig. 6. The sublethal responses of mussels are strongly 
correlated with the different concentrations of chlonne doses (r = > 0.82, Ρ < 0 0001, ANOVA). 
However, significant differences existed among the different size groups of the mussels (p < 0.05). 
Discussion 
Even though chlonnation is the most commonly used method of biofoulmg control in cooling systems, 
the exact mechanism of action by which chlonne acts is not well understood. This is partly because 
of the complexities involved in the chemistry of chlonne in seawater. Chlorine dissolved in seawater 
gives rise to a number of products, each of these products being toxic to organisms in varying 
degrees. Lewis (1966) concluded that the composition of chlorine residuals in seawater vanes 
depending on mixing, amount and types of organic materials present in the water and rate of reaction 
(especially chlorine hydrolysis, release of bromine and formation of chloramines) which is dependent 
on temperature, pH and contact time. Rahn (1943) suggested that chlorine, being an active chemical 
reagent, killed bacteria by destroying the cell membrane or protoplasm or enzymes. Green and Stumpf 
(1946) argued that bactericidal action of chlorine resulted from the inhibition of glucose oxidation by 
mactivation of tnosephosphonc dehydrogenase enzyme It seems possible that in higher organisms, 
with their specialised structures performing discrete physiological functions, the mode of action could 
be different from that of bactena For example, Opresko (1980) noted that organisms with specialised 
gills such as fishes are least tolerant to chlorine, probably due to damage to such structures Heath 
(1977) and Travis and Heath (1981 ) have also suggested that chlonne toxicity is complex and probably 
involves several factors 
In the present study, expenments were carried out in the laboratory to study the response of 
green mussels to different concentrations of chlonne. Chlorine doses as high as 10 mg 11 were used 
to determine the effect on mussel mortality. It may be pointed out that in actual power plant situations 
such high doses of chlonnation are never used under normal operating conditions However, the 
significance of this study is that such high doses could be used during shut-down conditions when 
established mussel communities in cooling water culverts and tunnels could be killed by what is known 
as 'shock-dose chlonnation" (Lewis, 1985; Jenner, 1985) In this case, the chlorinated water is 
retained within the system without discharging it to the environment, till complete mortality of the 
manne growth is accomplished (Whrtehouse, 1975) The present data showed that mussels of a size 
group ranging from 12 mm to 95 mm could be killed with shock-chlonnation on exposure to 8 to 10 
mg 11 of chlonne for 48 hours (Fig. 1) However, discharge of such heavily chlorinated water can be 
done only after the chlonne level has been reduced to acceptable levels, either through decay or by 
dechlonnation (Bongers et a l , 1977; Satpathy, 1990) 
Mussel control using chlonnation in the cooling conduits of power stations is well documented 
in the literature. James (1967) observed that intermittent chlonnation, failed to prevent mussel 
settlement and growth in Carmarthen bay power station. Holmes (1970) suggested that mussels which 
settled between intermittent chlorine injections were able to resist the subsequent exposures to 
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chlorine. In intermittently chlorinated waters, recuperation of mussels is possible because during the 
breaks in chlorination, they can actively feed and produce byssus threads (Rajagopal, 1994). In 
addition, the inside cooling conduits of power plants facilitates increased food availability (Jenner, 1982; 
Rajagopal et al., 1991a) and removal of metabolic wastes (Perkins, 1974; Neitzel et al., 1986). 
Therefore, mussels can easily compensate for any resource drain caused by short-term chlorination 
(Coughlan and Whitehouse, 1981; Rajagopal et al., 1991b). Lewis (1985) noted that mussels treated 
with chlorine residuals of 4.43 mg Γ' for 49 hours, were capable of making recovery within 30 minutes 
of exposure to ambient seawater. He also reported that for a 2 cm mussel, 10 days of starvation might 
be supported by one day of feeding under good conditions. However, Jensen (1982) found that the 
mussels failed to recover after a 24 hours exposure to a chlorine residual of θ to 40 mg Γ'. A review 
of the literature shows that at chlorine levels of <1.0 mg Γ1 mussels are able to open their valves to 
feed, although at a reduced rate (White, 1966; Lewis, 1985; Rajagopal, 1991). However, at higher 
chlorine levels, they are forced to shut their valves and exist on stored food reserves and anaerobic 
respiration until energy resources are depleted or metabolic wastes reach a toxic level (Jensen, 1982). 
It is reasonable to conclude that at higher chlorine residuals (i.e. 40 mg I"1), denaturation of cell 
membranes could lead to lethal effects, particularly in the gills (Opresko, 1980), but at low residuals, 
only other physiological activities of mussels are affected (Khalanski and Bordet, 1980). 
Power plants under normal operating conditions generally resort to what is known as 'low-dose 
chlorination" for mussel control (White, 1966; Whitehouse, 1975). In such a chlorination regime, the 
doses employed are always less than 1 mg Γ1 and may be as small as 0.2 mg Γ1 or even less. Under 
such conditions control is achieved not on the basis of direct killing action (Rajagopal et al., 1991b; 
Sasikumar et al., 1993). At lower levels, chlorine interferes with the physiological functions of the 
mussels and thereby affects the metabolism (Lewis, 1985). Therefore, experiments were conducted 
to ascertain the effects of chlorine administered at low levels (0.25 -1.5 mg Γ') on the physiological 
functions such as filtration rate, foot activity and byssus thread production of P. viridis. The data clearly 
indicated that at all levels of chlorination tested, physiological functions of the mussels were affected 
to different degrees (Fig. 6). Moreover, higher percentage reduction of physiological activities was 
observed in young mussels at all chlorine levels. It is well known that young mussels are more active 
than older mussels and have relatively high metabolic rates (Bayne, 1976). Therefore, under stress, 
juveniles might react more rapidly than larger mussels. Further, differences in filtration rate among 
different size groups of mussels is possibly due to the variations in the gill area as reported by Hughes 
(1969) and Vani (1973). The removal of mussels from MAPS seawater intake tunnel (Rajagopal et al., 
1991 b) at low levels of chlorine is presumably caused by a combined effect of chlorine on growth rate 
and byssus thread production. Data indicated that mussels were able to sense the presence of chlorine 
at levels as low as 0.25 mg Γ' and responded by reducing the filtration rate by 9 to 2 0 % (Fig. 5). Since 
chlorination is done on a continuous basis, mussels do not get an opportunity to compensate for the 
loss incurred due to reduced food intake (Jensen, 1982). Under such circumstances, a drastic decline 
of the growth rate could be expected (Rajagopal, 1991). In addition, production of byssus threads is 
also affected (Fig. 4). Byssus inhibition by chlorine is thought to be mediated by interference in the 
biochemical machinery involved (Khalanski and Bordet, 1980; Lewis, 1985). Holmes (1970) suggested 
that chlorine would interfere with the quinone tanning process, a vital step in the thread formation. It 
may be noted that mytilid byssus is composed of fibrous proteins packed in ordered crystalline arrays 
of ß-pleated sheets around collagen helices, with high levels of intermolecular crosslinking induced by 
the oxidative enzyme polyphenoloxidase (Lewis, 1985). However, further work is required to 
conclusively prove the mode of action of chlorine on byssus production. The data indicated that at 
chlorine levels of 0.75 to 1 mg Γ1 the mussels most affected in terms of byssogenesis were the young 
ones (about 12 mm shell length). Consequently, in a chlorinated system, there is an increased 
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possibility of young mussels will be detached from the culvert walls and be flushed out of the system 
along with rapidly flowing cooling water. 
1000 
<§. 100 -
. 8 
10 
—•— 12 mm size group 
— О — 60 mm size group 
— » — 95 mm size group 
4 5 6 7 
Chlorine dose (mg I"1) 
10 11 
Fig.7. Time required for 5 0 % mortality (LT^) of different size groups of green mussels, Pema viridis 
at different chlorine concentrations (after probit and regression analysis). 
Companson of LTW values (Fig. 7) of young and adult mussels shows that adult mussels are 
more resistant than young ones. In the present study, 5 0 % of the 12 mm size group mussels died 
within 377 hours of exposure to 1 mg 11 whereas at the same chlorine dose 5 0 % mortality in the 95 
mm size group mussels was observed after 644 hours (Fig. 7). This implies that when different age 
groups of mussels are subjected to chlonne, it is the juveniles which are likely to get killed faster. 
Mussel fouling control using chlorine in power plant cooling conduits would be more effective, if applied 
to juvenile stage mussels. Studies on the response of the mussel larval stages to chlorine might help 
to further optimise chlonnation schedules at power plant sites. 
Acknowledgements 
We express our sincere thanks to Board of Research in Nuclear Sciences, Department of Atomic 
Energy, Government of India for grants. Thanks are due to Dr. P.N. Murthy, Head, APCD, Bhabha 
Atomic Research Centre, Bombay, Dr. P.K. Mathur, Head, WSCL, Indira Gandhi Centre for Atomic 
Research, Kalpakkam and Chief Supenntendent, MAPS, Kalpakkam for the facilities Thanks are also 
due to Dr. G. van der Velde, Department of Ecology, Research Working Group Aquatic Ecology, 
University of Nijmegen, The Netherlands and Dr. Henk Α. Jenner, KEMA Environmental Research, 
Amhem, The Netherlands for suggestions and offering valuable comments. 
Chapter 7 126 
References 
Allen JA, Cook M, Jackson DJ, Preston S, Worth EM (1976) Observation on the rate of production and 
mechanical properties of the byssus threads of Mytilus edulis L. J Moll Stud 42- 279-289. 
Bayne BL (1976) The biology of mussel larvae. In: Bayne BL (editor), Marine Mussels: Their Ecology 
and Physiology. Cambridge University Press, London, pp 81-120. 
Bongers LH, O'Connor TP, Burton DT (1977) Bromine chlonde: an alternative to chlorine for fouling 
control in condenser cooling systems. U S Environmental Protection Agency, Washington, 
EPA-60077-77-053. 
Coughlan J (1969) The estimation of filtenng rate from the clearance of suspensions. Mar Biol 2: 
356-358. 
Coughlan J, Whitehouse JW (1981) Mussel growth and activity in Sizewell cooling system. Central 
Electricity Research Laboratories, Leatherhead, Surrey, Report No. RD/L/N 175/80,14 pp. 
Daling PM, Johnson Kl (1985) Current status of biofoulmg surveillance and control techniques. In: 
Bivalve Fouling of Nuclear Power Plant Service Water Systems. U S Nuclear Regulatory 
Commission, Washington, Report No. NUREG/CR/4070,16 pp. 
Green DE, Stumpf PK (1946) The mode of action of chlonne. J Am Water Works Assoc 38: 
1301-1305. 
Heath AG (1977) Toxicity of intermittent chlonnation to fresh water fish: influence of temperature and 
chlonne form. Hydrobiologia 56:38-47. 
Holmes NJ (1970) The effects of chlonnation on mussels. Central Electricity Research Laboratories, 
Leatherhead, Surrey, Report No. RD/L/R 1672,20 pp. 
Hughes RW (1969) A study of feeding in Scrobiculana plana. J Mar Biol Assoc UK 49. 802-823. 
Jenner HA (1980) The biology of the mussel Mytilus edulis in relation to fouling problems in industrial 
cooling water systems. La Tribune du CEBEDEAU 33:13-19. 
Jenner HA (1982) Physical methods in the control of mussel fouling in seawater cooling systems. La 
Tribune du CEBEDEAU 35: 287-291. 
Jenner HA (1985) Chlorine minimization in macrofoulmg control in the Netherlands. In: Jolly RL, Bull 
RJ, Davies WP, Katz S, Roberts MH, Jacobs VA (editors), Water Chlonnation: Chemistry, 
Environmental Impact and Health Effects, Vol. 5, Lewis Publishers Inc., Michigan, pp 1425-1433. 
Jensen AC (1982) Sensitivity of Mytilus edulis (L) to chlonnation. Ph D thesis, Department of 
Oceanography, University of Southampton, England, 159 pp. 
Khalanski M, Bordet F (1980) Effects of chlonnation on marine mussels. In: Jolly RL, Brungs WA, 
Cummmg RB (editors), Water Chlonnation: Chemistry, Environmental Impact and Health Effects, 
Vol. 3. Ann Arbor, Michigan, pp 557-567. 
Lewis BG (1966) Chlonnation and mussel control. I. The chemistry of chlonnated seawater. Central 
Electricity Research Laboratories, Leatherhead, Surrey, Report No. RD/L/N 106/66, 6 pp. 
Lewis BG (1985) Mussel control and chlonnation. Central Electricity Research Laboratories, 
Leatherhead, Surrey, Report No. TPRD/L/2810/R85, 33 pp. 
Litchfield JT, Wilcoxon F (1949) A simplified method of evaluating dose-effect experiments. J Pharmac 
ExpTher2: 99-113. 
Nertzel DA, Johnson KI, Daling PM (1986) A evaluation of biofoulmg surveillance and control 
techniques for use at nuclear power plants. U S Nuclear Regulatory Commission, Washington, 
Report No. NUREG/CR 4626,37 pp. 
Nertzel DA, Johnson Kl, Page TL, Young JS, Daling PM (1984) Correlation of bivalve biological 
characteristics and service water system design. In: Bivalve Fouling of Nuclear Power Plant 
Service Water Systems. U S Nuclear Regulatory Commission, Washington, Report No. 
NUREG/CR 4070,119 pp. 
Chapter 7 127 
Opresko DM (1980) Review of open literature on effects of chlorine on aquatic organisms. Electric 
Power Research Institute, Palo Alto, California, Report No. EPRI EA-1491. 
Perkins EJ (1974) The biology of estuaries and coastal waters. Academic Press, New York, pp 
353-359. 
Rahn О (1943) The problem of the logarithmic order of death in bactena Biodynamica 4:81-130. 
Rajagopal S (1991 ) Biofouling problems in the condenser cooling circuit of a coastal power station with 
special reference to green mussel, Perna vindis (L ). Ph D thesis, University of Madras, India. 
Rajagopal S, van der Velde G, Jenner НА (1994) Biology and control of brackish water mussel, 
Mytilopsis leucophaeta in the Velsen and Hemweg power stations, The Netherlands. Part II. 
Control measures. KEMA Environmental Services, Arnhem, Report No. 163871-KES/WBR 94-
3128, 45 pp. 
Rajagopal S, Nair KVK, Azariah J (1989) Fouling induced pressure drop in the seawater conduits of 
a power station. In: Proceedings of 3rd Conference on Dock and Harbour Engineering, Suratkal, 
India, pp 851-858 
Rajagopal S, Azariah J, Nair KVK (1994) Heat treatment as a fouling control method for Indian coastal 
power plants. In: Thompson MF, Nagabhushanam R, Sarojini R, Fmgerman M (editors), Recent 
Advances in Biofouling Control. Oxford & IBH Publishing Co. Pvt. Ltd., New Delhi, pp 391-396. 
Rajagopal S, Sasikumar N, Azariah J, Nair KVK (1991a) Some observations on biofouling in the 
cooling water conduits of a coastal power plant. Biofouling 3:311-324. 
Rajagopal S, Venugopalan VP, Nair KVK, Azanah J (1991b) Biofouling and its control in a tropical 
coastal power station: a case study. Biofouling 3:325-338. 
Sasikumar N, Azariah J, Nair KVK (1993) Sublethal response of barnacles to chlorine, an experimental 
study for power plant biofouling control. Mar Behav Physiol 24: 55-66. 
Sasikumar N, Nair KVK, Azanah J (1992) Response of barnacles to chlorine and heat treatment: an 
expenmental study for power plant biofouling control. Biofouling 6. 69-79. 
Satpathy KK (1990) Biofouling control measures in power plant cooling systems: a brief overview. In: 
Nair KVK, Venugopalan VP (editors) Marine Biofouling and Power Plants. Bhabha Atomic 
Research Centre, Bombay, India, pp 153-166. 
Smith AP, Kretschner TR (1984) Electrochemical control of fouling. In1 Costlow JD, Tipper RC 
(editors), Manne Biodetenoration: An Interdisciplinary Study. Naval Institute Press, Annapolis, 
Maryland, pp 250-254. 
Sokal RR, Rohlf FJ (1981) Biometry. WH Freeman & Co., New York, 859 pp. 
Travis TW, Heath AG (1981) Some physiological responses of rainbow trout (Salmo gairdnen) to 
intermittent monochloramine exposure. Water Res 15:313-321. 
Vahl О (1973) Pumping and oxygen consumption rates of Mytilus edulis L. of different sizes. 
Ophelia 12: 45-52. 
Wackenhuth EC, Levine G (1977) Experience in the use of bromine chlonde for antifouling at steam 
electric generating stations. In: Jensen LD (editor), Biofouling Control Procedures. Technology 
and Ecological Effects. Marcel Dekker Inc., New York, pp 63-78. 
Wallis RL (1975) Thermal tolerance of Mytilus edulis of Eastern Australia. Mar Biol 30· 183-191. 
White GC (1972) Handbook of chlonnation. Van Nostrand Hemhold Company, New York, pp 228-277. 
White WR (1966) Effect of low-level chlonnation on mussels at Poole power station Central Electricity 
Research Laboratones, Leatherhead, Surrey, Report No. RD/L/N 17/66, 5 pp. 
Whrtehouse JW (1975) Chlonnation of cooling water: a review of literature on the effects of chlorine 
on aquatic organisms. Central Electricity Research Laboratories, Leatherhead, Surrey, Report No. 
RD/L/M 496. 
Wilkinson L (1989) SYSTAT: the system for statistics. SYSTAT Inc., Evanston, IL 
Winkle WV (1970) Effects of environmental factors on byssal thread formation. Mar Biol 7:143-148. 
Chapter 7 128 
Chapter 8 
Response of brown mussel, Perna indica, to elevated temperatures in 
relation to power plant biofouling control 
S. Rajagopal, K.V.K. Nair & J. Azariah 
J Therm Biol 20:461-467 (1995) 
Chapter В 129 
Response of brown mussel, Perna indica, to elevated temperatures in relation to 
power plant biofouling control 
Abstract 
Results of a study on lethal and sublethal responses of different size groups of the tropical brown 
mussel, Pema indica, when exposed to different temperatures are presented. Exposure to a 
temperature of 38 °C showed 100% mortality of 9 mm size group mussels in 120 minutes. Mortality 
was dependent on age (size) of the mussels, young ones being more susceptible than older ones. All 
size groups showed a progressive reduction in physiological activities such as filtration rate, foot 
activity and byssus thread production when temperature was increased from 30 °C This study 
suggests that heat treatment is an attractive alternative to chlonnation for mussel fouling control in 
tropical power stations. 
Introduction 
For the economical and safe operation of a nuclear power plant, an uninterrupted supply of cooling 
water to the condensers is essential (Neitzel et al., 1984). However, in seawater-based cooling 
systems, manne life associated with the incoming water can interfere with the smooth operation of the 
power plant (Rajagopal, 1991). Extensive growth of biofouling in the seawater cooling circuits can 
cause a reduction in flow rates (Jenner and Janssen-Mommen, 1993) and blockage of condenser 
tubes (Imbro and Gianelli, 1982). 
Madras Atomic Power Station (MAPS) is situated at Kalpakkam (12°33'N and 80Ί1Έ), on the 
east coast of India MAPS experienced a senous flow blockage in 1987 due to the extensive growth 
of mussels, Pema indica Kunakose & Nair and Perna viridis (L), in the cooling water system 
(Rajagopal et al., 1991a) and this frequently resulted in station outages (Nair, 1990) Chlonnation is 
used at MAPS to control mussel fouling. However, killing of established mussel communities, such as 
those in the MAPS tunnel, requires continuous doses of chlorine (Rajagopal et al., 1991b). This leads 
to the question of environmental safety, as chlorine has been reported to be toxic to non-target 
organisms (Brungs, 1977; Smith and Kretschner, 1984; Jenner, 1985). Moreover, the failure of chlorine 
to control mussel settlement and growth, despite its continuous use in cooling waters, has been 
reported from various power stations (Jenner, 1983; Strauss, 1989). However, this is likely to be a 
failure in the application regime. 
Heat treatment for mussel control in power plants has received some attention in recent years 
(Wright et al., 1983; Claudi and Mackie, 1994). In this method, the heated effluent from power plants, 
instead of being discharged, is recirculated through the cooling conduits. Therefore, it is highly 
economical and is increasingly employed in new plants (Jenner, 1982). However, the method has 
certain problems in that the application involves a certain level of production penalty for the power 
plant. Moreover, heat treatment method would require major design modifications of the cooling system 
for already operating plants; it is often expensive or technically difficult (Burton and Liden, 1978). A few 
power plants in The Netherlands and USA have been successfully using heat treatment as a means 
to control mussel fouling (Graham et al., 1975; Jenner and Janssen-Mommen, 1993) Heat treatment 
also has potential for the control of mussels in power stations in tropical waters, but there are hardly 
any data on the response of brown mussel, P. indica, one of the most important fouling species in 
Indian coastal power stations (Rajagopal et al., 1991 a), to heat treatment. Therefore, experiments have 
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been earned out to study lethal and sublethal responses of brown mussels to varying degrees of heat 
treatment. It is expected that the results will allow optimisation of the techniques, so that maximum 
control could be achieved with a minimum of financial cost and environmental impact. 
The present study focuses on the responses of different size groups of P. indica to different 
temperatures. 
Materials and methods 
The response of the P. indica to different temperatures was studied using mussels collected from the 
coastal waters near the MAPS intake area. In the laboratory, the mussels were acclimated in seawater 
aquarium tanks (34.1 + 0.6%o salinity and 29.8 + 0.7 °C temperature) for two days. Based on the shell 
length (Rajagopai, 1991), mussels were sorted out into five size groups viz. 9 mm (1 month old), 18 
mm (3 months), 25 mm (6 months), 31 mm (9 months) and 36 mm (12 months). 
Mortality 
Four size groups of mussels were tested for seven different target temperatures (38 - 44 °C, at 1 °C 
intervals). Preliminary experiments had shown that large mussels took about three hours to attain 
100% mortality at 38 °C. Since three hours is approximately the maximum practical duration for which 
heat treatment could be done in actual utility systems (Jenner, 1982), experiments below 38 °C were 
not included. Factors which may affect temperature tolerance such as salinity and dissolved oxygen 
were kept as stable as possible in each experiment, 33.8 - 34.3%o and 5.9 - 6.3 mg Γ1, respectively. 
The experiments were carried out using an ultrachriostat (ISSREF, cat no IRO 017), following 
procedures outlined by Sasikumar et al. (1992). The temperature was raised at the rate of 0.1 °C min"1 
from 30 °C. The rate of raise was chosen as it corresponds to the rise rates that can be expected 
during heat treatment in power plants (Jenner, 1982). Mussels failing to respond to external stimuli by 
closing their shells, were considered dead (Wallis, 1975). 
Sublethal responses 
Filtration rate, foot activity and byssus thread production of different size groups of mussels were also 
studied in an effort to understand the sublethal effects of temperature on mussels. Each experiment 
was run using ten replicates for each size group and temperature. 
Filtration rate was measured following the method described by Coughlan (1969). The method 
is based on the absorption of neutral red by mussels from ambient water and rate of filtration was 
calculated using the following equation (Coughlan, 1969): 
M C0 
m = — In — 
n.t C, 
where, M Is the volume of the test solution, η the number of animals used in the experiment, t the time 
in hours, C0 the initial concentration of the dye, C, the concentration of the dye at time t and m the rate 
of filtration in ml h'1 mussel"1. 
For foot activity, at every 10 minutes for 12 hours, a note was made of the number of mussels 
with the foot extended outside the shell following procedures described by Holmes (1970). For each 
experiment, all foot activity readings were analyzed and percentage foot activity was calculated. Rate 
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of byssus thread production was determined following the methods outlined by Winkle (1970) and Allen 
et al (1976). Byssus threads produced by each mussel were counted after 12 hours and expressed 
in threads mussel ' day \ 
Statistical analysis 
The differences in physiological activity between control (30 °C) and experimental mussels were 
compared by /-tests (Sokal and Rohlf, 1981). A posfenon multiple comparisons of differences between 
size groups were done using Student-Neuman-Keuls (SNK) tests along with one-way ANOVA 
(Wilkinson, 19Θ9). 
Results 
Mortality 
Significant size-dependent vanation in the response of mussels was observed at all target 
temperatures (ANOVA, Ρ < 0 0 0 0 1 , Table 1), large mussels showing more tolerance than small 
mussels. At 44 °C, 100% mortality was achieved after 5 minutes in all size groups of mussels. 
Table 1. Time to reach 100% mortality for various size groups of Pema indica to different temperatures 
Temp Exposure time (minutes) 
f C ) 
Size of the mussels (mm + SD) 
38 
39 
40 
41 
42 
43 
44 
8 9+0 6 
119+17 
62+12 
43+9 
26+7 
14+6 
6+2 
0+0 
18 3+10 
134+20 
87+16 
62+18 
44+10 
24+5 
10+4 
0+0 
25 5+17 
151+28 
104+19 
72+15 
54+16 
30+8 
13+4 
2+1 
36 0+20 
173+25 
121+15 
94+10 
63+12 
33+11 
14+6 
5+2 
dt 
143 
143 
143 
143 
143 
143 
143 
F 
36 944 
92 544 
86 948 
65 986 
41 122 
25 833 
32160 
Ρ 
*** 
** * 
** * 
* * * 
*** 
*** 
*** 
Values are expressed as mean + SD (η = 36) One-way ANOVA followed by Student-Newman-Keuls (SNK) tests was used 
to determine whether differences between size groups were significant 
"'Significant at P< 0 001 
Filtration rate 
Filtration rate of mussels showed a progressive decline at the higher temperatures (Table 2) For 
example, mussels of the 12 mm size group showed a filtration rate of 30 ml h ' mussel ' at 30 °C, while 
reducing to 22 ml h 1 mussel"1 at 32 5 °C and to 7 ml h ' mussel1 at 35 "C. This pattern of sharp 
decrease between 32 5 °C and 35 °C was observed in all the size groups tested Significant size-
dependent variation in filtration rate (SNK tests, Ρ < 0 05) was observed, the large mussels showed 
a higher filtration rate 
Chapters 132 
Table 2 Filtration rate ot various size groups of mussels, Pema indica at different temperatures 
Temp 
("C) 
30 0 
32 5 
35 0 
37 5 
90+09 
292+2 7 
22 2+1 8 " ' 
71+2 2 ' " 
2 2+0 4"* 
Filtration rate (ml h ' mussel ') 
Size of the mussels (mm 
187+21 
302+2 7 
31 6+3 2* 
θ 1+2 0"* 
3 3+0 8"* 
24 8+44 
323+34 
30 2+3 в* 
9 7+1 1 * " 
3 5+0 9*" 
+ SD) 
315+3 2 
331+18 
31 5+4 0" 
9 8 + 1 1 * " 
4 0+0 2"* 
35 4+3 7 
31 2+3 7 
352+2 7" 
10 0+18*" 
4 5+0 9**' 
dl 
49 
49 
49 
49 
F 
2 878 
22 538 
6 070 
23 486 
Ρ 
+ 
*** 
*** 
*** 
Values are presented as mean + SD (η = 10) Differences between control (30 °C) and experimental mussels are compared 
by 't' tests and post hoc multiple comparisons of differences between size groups were done using one-way 
ANOVA and Student-Newman-Keuls (SNK) tests 
Levels of significance 'P < 0 05, "P < 0 01, "*P < 0 001, ™ = not significant 
Foot activity 
At 30 °C, using the 9 mm size group, a highest foot activity of 4 7 % was registered (Table 3) The 
reduction in foot activity was very sharp between 3 2 5 °C and 35 °C Data also show a clear size-
dependent variation in foot activity at 3 0 °C and 35 °C However, no foot activity was observed at 3 7 5 
°C for all size groups 
Table 3. Foot activity of various size groups of mussels, Pema indica at different temperatures 
Temp 
(°C) 
30 0 
32 5 
35 0 
37 5 
93+03 
46 9+84 
32 4+70"* 
4 5+3 6*" 
0+0"* 
Foot activity (%) 
Size of the mussels (mm 
184+09 
40 8+70 
35 1+51' 
8 3 + 3 1 " * 
0+0"* 
242+19 
39 0+74 
35 0+6 2™ 
8 6+40*" 
0+0*" 
+ SD) 
310+21 
353+7 2 
307+6 5"" 
9 3+4 7*" 
0+0'" 
362+49 
35 2+64 
279+51' 
9 1 + 3 1 " * 
0+0*** 
df 
49 
49 
49 
" 
F 
4 308 
2 536 
2684 
" 
Ρ 
** 
ns 
* 
* 
Values are presented as mean + SD (η = 10) Statistical analysis as in Table 2 
Levels of significance 'P < 0 05, "P < 0 01, " * P < 0 0 0 1 , m = not significant 
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Byssus thread production 
A sharp decrease was recorded in the byssus thread production at 35 °C (Table 4), indicating again 
that 32.5 - 35 °C is the range of temperature within which physiological activities are critically affected 
in the brown mussels Size-dependent variation in the rate of thread production was observed, with 
the rate of thread production decreasing with increasing shell size of mussels. Foot activity and byssus 
thread production of mussels were strongly correlated (r2 = 0.66, Ρ < 0.0001) at different sublethal 
temperatures. 
Table 4. Byssus thread production of various size groups of mussels, Pema indica at different temperatures. 
Temp Byssus thread production (threads musset1 day ') 
(°C) 
Size of the mussels (mm + SD) 
91+05 187+17 245+20 317+49 358+32 df F Ρ 
49 02 649 * 
49 00 386 ns 
49 22 034 *** 
Values are presented as mean + SD (η = 10) Statistical analysis as in Table 2 
Levels of significance 'P < 0 05, "P < 0 01, '"P < 0 001, ™ = not significant 
Discussion 
Experimental work on the thermal tolerance of Mytilus edulis L, along with field trials at the Redondo 
Beach power station, California (Fox and Coheran, 1957) showed that M. edulis could be controlled 
at a temperature of 43 °C, maintained for two hours once every four weeks during spatfall The present 
studies showed that 100% kill of all size groups of brown mussels could be achieved by raising the 
temperature to 38 °C and maintaining that temperature level for about three hours (Table 1). At San 
Onofre power station (SONGS), California, heat treatment for two hours at 38 °C, once every six 
weeks is successfully used to control mussel fouling in the cooling conduits (Stock and Strachan, 
1977). At Eems power station, The Netherlands, a temperature of 38 "C is used for one hour to ensure 
100% mortality of M. edulis, it was also reported that this treatment is more economical and less 
damaging to the environment than continuous chlonnation (Jenner, 1982). The average ambient 
seawater temperature at these power plants (SONGS and Eems) ranges from 1 8 - 2 1 °C during 
summer (Stock and Strachan, 1977; Jenner, 1982) and to achieve 100% mortality of the mussels at 
38 °C, the intake water has to be heated by 17-20 °C. It should be noted that the average intake water 
temperature at MAPS, Kalpakkam ranges from 27 °C (winter) to 31 °C (summer) Therefore, the 
energy required to raise the water temperature to the desired level (38 °C) is correspondingly less (7-
11 °C). Thus, it is logical to presume that the heat treatment method reportedly successful at SONGS 
and Eems power stations would be more economical if practised in the tropics. 
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300 154+70 139+55 137+53 98+74 84+34 
325 103+77" 89+38* 84+60' 84+58" 72+56n 
35 0 0+0"* 1 9+0 5*** 1 4+0 7*" 1 7+0 5 " 3 1+1 4' 
37 5 0+0"* 0+0'" 0+0*" 0+0*" 0+0*" 
Filtration rate 
32.5 35.0 37.5 
Temperature (°C) 
Fig.1. Percentage reduction in filtration rate, foot activity and byssus thread production of various size 
groups of brown mussels at different temperatures when compared to 30 °C (control). 
Mussels in general respond to sudden changes in temperature by closing their shells. Trueman 
and Lowe (1971) suggested that temperature sensitive receptors on the mantle cavity might be 
responsible for shell closure in mussels. The period for which they remained closed could last for many 
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days, with only short and intermittent periods of shell opening at sublethal temperatures (Widdows, 
1973). However, at lethal temperatures, mussels are forced to shut their valves and exist on stored 
food reserves and anaerobic respiration, until energy resources are depleted or metabolic wastes 
reach a toxic level (Bayne et al., 1976). 
In the present study, physiological activities such as filtration rate, foot activity and byssus 
thread production were significantly reduced (P < 0.001) when temperature was over 32.5 °C. 
Gonzalez and Yevich (1976) also observed that higher temperature causes a reduction in the feeding 
rate, which could be attributed to the degeneration of the gill filaments and histological changes in the 
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Fig.2. Comparison of time to 100% mortality over a range of temperatures for brown mussel, Pema 
indica, green mussel, Pema viridis and oysters, Crassostrea madrasensisai Kalpakkam along 
with published results for blue mussel, Mytilus edulis horn Califomian coastal waters (Graham 
et al., 1975) and Dutch Wadden Sea (Jenner, 1982). 
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stomach and intestine. Read (1962) demonstrated that weight specific respiration rate of large mussels 
decreased appreciably at higher temperatures, the probable reason again being gill damage mentioned 
above Histological studies by Gonzalez and Yevich (1976) also showed that at higher temperature 
the formation of byssus threads m M edulis was weak and irregular The present study has indicated 
that at higher temperatures (>35 °C) byssus thread production of P. indica is completely stopped. 
Moreover, higher percentage reduction of physiological activities was observed in young mussels (Fig 
1 ) It is well known that young mussels are more active than older ones and they have relatively high 
metabolic rates (Bayne et al., 1976). Therefore, under stress, juveniles might react more rapidly than 
larger mussels. 
The exposure time required for 100% mortality of P. indica to different target temperatures 
(Fig 2) is shorter than that reported for P. viridis and Crassostrea madrasensis Preston (Rajagopal, 
1991). The last two species are commonly found in backwaters and coastal waters (Rajagopal et al., 
1990) whereas Ρ indica is a marine species (Kunakose, 1980). As there is greater temperature natural 
variation in backwaters compared with the marine environments, the temperature tolerance among 
these bivalves may be related to habitat differences (Bayne et a l , 1976; Wright et a l , 1983). 
Compensons of mortality between size groups show that larger mussels are more tolerant than 
smaller ones Wallis (1975) has suggested that metabolic rates which vary with age or size of the 
mussels are the causative factors for the differences Thus, at any lethal temperature, smaller mussels 
will succumb more quickly than larger mussels The significance of this observation is that heat 
treatment could be more economically employed following peak breeding periods when young brown 
mussels are encountered in the cooling conduits as the time required to kill them would be shorter 
Heat treatment appears to be a viable method for mussel control in tropical power stations. 
It would also be relevant to study its synergystic efficiency when used with other control methods such 
as chlonnation or osmotic shock It is possible that this combination of treatments may result in mussel 
control at much lower temperatures and shorter exposure times than the results of the present study 
would indicate. 
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Response of mussel, Modiolus striatulus to chlorination: an experimental study 
Abstract 
Though the brackish water mussel, Modiolus striatulus Hanley is an important fouling animal in power 
station cooling circuits, there are no published studies on the tolerance of this species to chlorination. 
Mortality pattern as well as physiological behaviour (byssus thread production, foot activity index and 
filtration rate) of three different size groups (7 mm, 18 mm and 25 mm shell length) of M stnatulus, 
were studied at different chlorine concentrations (0 to 5 mg I ') At 1 mg I ' chlonne residual, 7 mm 
size group mussels showed 100% mortality in 468 h (20 d) and 25 mm size group mussels in 570 h 
(24 d). At relatively high levels of chlonne residuals (5 mg I '), 100% mortality in 7 mm and 25 mm size 
groups took 102 and 156 h, respectively The exposure time required for 100% mortality of M. 
stnatulus to chlonne is much lower than that reported for some other common fouling mussels. 
Chlorine concentration significantly affected the mean time of death for all size groups of mussels. All 
size groups showed progressive reduction in physiological activities such as filtration rate, foot activity 
index and byssus thread production when chlonne residuals were increased from 0 to 1.5 mg Γ1. 
Reduction in physiological activities of mussels was strongly correlated with the concentration of 
chlonne. 
Introduction 
Biofouling in cooling water systems of coastal power plants is a well known problem (Mattice and Zittel, 
1976; Khalanski and Bordet, 1980, Rajagopal, 1991 ) Sessile mussels are often a major fouling species 
in power plant cooling systems where their settlement and growth result in blockage of free flow of 
water in the conduits (Rajagopal et al., 1991) and clogging of condenser tubes (Holmes, 1970). To 
discourage settlement of mussels, chlorine is commonly used as it is both effective and economical 
(Lewis, 1985). However, due to increasing concern about toxicity of chlorine by-products to aquatic life, 
several countries are making efforts to minimize chlonne residuals in the discharges (Post et al., 1985; 
Jenner, 1985; Fisher et al., 1991, Bidwell et a l , 1995). A study of response of various mussel species 
to chlonne has great importance from the point of optimization of chlonne treatments in cooling 
systems (Lewis, 1985). 
In tropical power stations, though larger mussels like Pema vmdis (L ) and Ρ indica Kunakose 
& Nair are conspicuous in terms of biomass, smaller mussels like Modiolus stnatulus Hanley, M. 
modiolus sensu auct. and M philippinarum Hanley are numerically important (Morton, 1977, Rajagopal 
et a l , 1991) M stnatulus was also reported to foul Visakhapatnam harbour and vanous docks of 
Calcutta (Morton, 1977). The objective of this study was to understand the lethal and sublethal effects 
of chlonne on different size groups of M stnatulus, a major foulant at Madras Atomic Power Station 
Materials and methods 
Descnption of the study area 
Madras Atomic Power Station (MAPS), situated at Kalpakkam (12°33'N & 80°11Έ), about 65 km south 
of Madras, on the east coast of India, uses chlorine to control fouling in the seawater cooling conduits. 
M. stnatulus is one of the major fouling species in the sub-seabed intake tunnel of MAPS (Rajagopal 
Chapter 9 142 
et al., 1991). In Kalpakkam coastal waters, M. striatums, has two spawning periods in a year one 
during April-May and the other in August-September (Rajagopal, 1991 ). The present study was carried 
out during the non-spawning period of mussels (15 October 1990 to 30 March 1991). M. striatums 
grows to 7 mm shell length in a month and to 25 mm in a year. 
fesf animals 
The response of M. striatulus to different chlorine concentrations was studied in the laboratory, using 
mussels collected from coastal waters near the MAPS intake area. In the laboratory, the mussels were 
left undisturbed in seawater (34.1 ± 0.4%o salinity, 5.8 ± 0.5 mg Γ' dissolved oxygen and 29.4 ± 0.6 
°C temperature) for two days (48 h) to allow them to recover from the effects of stress. Animals were 
picked up from this stock for each experiment. 
Mortality 
Three size groups (shell length ± SD; 6.9 ± 0.2 mm, 18.9 ± 1.2 mm and 25.4 ± 1.9 mm) of mussels 
were tested for four different chlorine doses (1 mg Γ1, 2 mg Γ', 3 mg Γ1 and 5 mg Γ1). Seawater 
collected from the coastal waters was used for the experiment, after a day's storage. Factors which 
may change the response of mussels such as salinity, temperature, dissolved oxygen and flow rate 
were kept constant in each of the experimental treatments. Salinity was maintained between 33.8%o 
and 34.3%o. Temperature and dissolved oxygen were maintained between 29.2 °C and 29.8 °C and 
5.1 mg Γ1 and 6.5 mg Γ1, respectively. Moreover, in preliminary experiments similar mortality responses 
to chlorine were observed between fed (mixed algal culture) and starved mussels (Rajagopal, 1991; 
Rajagopal et ai, 1995). Hence, the experimental mussels were not fed during the course of the 
experiment. The experiments were conducted in continuous once-through flow systems, following the 
procedures outlined by Rajagopal et al. (1995). Seawater was stored in a 150 I aquarium tank and 
chlorine solution prepared from bleaching powder was stored in a 21 volumetric flask. Appropriate mix 
of the two were used to maintain desired chlorine concentration in a 51 glass beaker having an outlet 
at the 4.5 I mark, using a peristaltic pump (Buchler Instruments, Port Lee, N.J. USA, Model No. 
73351). Mixing of the water was facilitated by the use of aerators. A continuous flow at a rate of 80 
ml min'1 was maintained throughout the test. After 48 h of acclimation, six mussels (6 mussels in each 
experiment χ 3 size groups χ 4 chlorine concentrations = 72 mussels) were introduced into the 
experimental tanks containing seawater of known chlorine concentration. The levels of residual chlorine 
were monitored at subsequent 30 minutes intervals at the outlet. Residual chlorine measurements were 
done using the iodometric method (White, 1972). Since the death of the mussels is often not directly 
observable (Jensen, 1982), mussels failing to close their shell as a response to external stimuli, when 
removed from water, were considered dead (Wallis, 1975). The number of dead animals in each 
experiment was recorded along with their shell lengths and total weights for each observation time. 
The same experiment was repeated two (1 mg I'1 and 2 mg Γ') to four times (3 mg Γ' and 5 mg Γ1) for 
each size group and chlorine concentration. Altogether 216 mussels were used for the mortality 
experiments (12 experiments χ 6 mussels in each experiment χ 3 size groups = 216 mussels). 
Sublethal responses 
Apart from this, filtration rate, foot activity index and byssus thread production of different size groups 
of mussels were also studied at six different chlorine doses (0,0.25,0.50,0.75,1.00 and 1.50 mg Γ1). 
Experiments were run exactly as detailed above with 10 to 15 mussels used in each treatment. The 
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only difference was that the mussels were left for 24 h for foot activity index and byssus thread 
production and for 3 h for filtration rate studies. 
Rate of filtration was measured following the method described by Coughlan (1969). The 
method is based on the absorption of neutral red by mussels from ambient water. The rate of filtration 
was calculated using the following equation of Coughlan (1969): 
M C0 
m = — log — 
n.t C, 
where M = the volume of the test solution; η = number of animals used in the experiment; t = time (h); 
C„ = the initial concentration of the dye; C, = the concentration of the dye at time t; m = the rate of 
filtration in ml h"1 mussel"1. 
For foot activity index, at every 10 minutes, a note was made of the number of mussels with 
the foot extended outside the shell (Holmes, 1970). No attempt was made to follow the foot activity 
of individual mussels. For each experiment, all foot activity readings were analysed and percentage 
foot activity index was calculated. 
Rate of byssus thread production was determined following procedures outlined by Winkle 
(1970) and Allen et al. (1976). After acclimation (48 h), one mussel was placed in a 11 glass beaker 
(outlet at 0.751 mark) containing 0.751 of seawater of known chlorine concentration (n = 10-15 per size 
group in each chlorine dose). Use of 1 mussel per container eliminated the need for coding mussels 
and avoided the problem of counting threads when mussels clump, which they invariably do. Byssus 
threads produced by mussels were counted after 24 h and expressed in threads mussel"1 day"1 
(Winkle, 1970). 
Statistical analysis 
The differences in mortality of different size groups of M. striatulus at various chlorine doses were 
tested by Analysis of Covariance (ANCOVA). The sublethal responses of different size groups of 
mussels to various chlorine levels were analysed using exponential regression and statistical tests of 
the correlation coefficients (Sokal and Rohlf, 1981). The differences in physiological activity between 
control (0 mg Γ1 chlorine dose) and experimental mussels (0.25, 0.50, 0.75, 1.00 and 1.50 mg Γ1 
chlorine doses) were compared by student's f tests after Bonferroni corrections (Zar, 1984). The post 
hoc differences between size groups in each chlorine dose were tested by One-way Analysis of 
Variance (ANOVA). All analyses were performed using a Statistical Analysis Systems package (SAS, 
1985). 
The data obtained on mortality of mussels at different chlorine doses were subjected to probit 
analysis, yielding the statistic ΙΊ
Χ
 (Litchfield and Wilcoxon, 1949). 
Results 
Mortality 
The time required for 100% mortality of M. striatulus exposed to different chlorine levels is presented 
in Fig. 1. No mortality occurred in control tanks. The three size groups (7 mm, 19 mm and 25 mm shell 
length) showed 100% mortality at significantly different exposure times between 1 mg Γ1 and 3 mg Γ1 
chlorine concentrations (mussel size effect: ANCOVA; F ( i 2 1 2 ) = 20.33, P<0.01). At 1 mg Γ1 residual 
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chlorine, 7 mm and 25 mm size group mussels took 468 h and 570 h, respectively to achieve 100% 
mortality (ANCOVA; P<0.01). However, at 5 mg Г', all size group mussels took identical exposure 
Fig.1. Cumulative mortality (%) of different size groups of mussel, Modiolus stnatulus at 1 mg 11 (n 
= 12 mussels in each size group), 2 mg Γ1 (η = 12 mussels in each size group), 3 mg I ' (n = 
24 mussels in each size group) and 5 mg Γ1 (η = 24 mussels in each size group) chlorine 
concentrations. Mortality of M. stnatulus was monitored at 6 h intervals. The cntenon for 
mortality of mussels was shell valve gape with no response of exposed mantle tissues to 
external stimuli. 
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times to reach 100% mortality (ANCOVA; P>0.05). Moreover, mean time to death was analysed by 
ANCOVA for all four concentrations of chlorine (0 to 5 mg Γ1) and was found to be highly significant 
(chlorine dose effect: ANCOVA; F(3 212) = 837.09, P<0.0001). Comparison of means revealed that the 
exposure time for 100% mortality of all size groups decreased with increasing chlorine concentration 
(see Fig. 1). 
Comparison of LT^ values of different size groups of mussels also shows that larger mussels 
are more resistant than smaller ones (Fig. 2). At 1 mg Γ1 chlorine concentration, mussels in 7 mm and 
25 mm size group took 332 h and 453 h respectively to achieve 50% mortality. At 3 mg Γ1, mussels 
in the 7 mm size group took 112 h to reach 50% mortality whereas those in the 25 mm size group took 
165 h (see Fig. 2). 
1000 
о 
л ì 100 
10 
О 7 mm: log у = 2.678-0.18 χ (г = 0.99) 
• 19 mm: logy = 2.758-0.19 χ (г = 0.99) 
Chlorine dose (mg Г ) 
Fig.2. Time required for 50% mortality (LTJ of different size groups of Modiolus striatums at different 
chlorine concentrations (after probit and regression analysis). The correlation coefficient is 
significant to P<0.001 in all cases. 
Filtration rate 
Filtration rate of mussels at different chlorine levels showed a progressive decline as the chlorine 
concentration increased from 0 to 1.5 mg I"1 (Table 1). For example, the 7 mm size group showed a 
decrease of filtration rate from 19 ml h"1 mussel'1 in the control to 1 ml h'1 mussel"1 at 1.5 mg I'1 (t = 
17.590, df = 19, P<0.01), whereas the 26 mm size group mussels showed a decrease from 30 ml h'1 
mussel"1 in the control to 4 ml h"1 mussel'1 at 1.5 mg I"1 residual chlorine (t = 17.596, df = 20, P<0.01). 
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There was a size-dependent variation in the filtration rate of mussels (ANOVA; control mussels; df = 
29, F = 16.829, P<0.01); larger the mussels higher the filtration rates (Table 1). 
Table 1. nitration rate, foot activity index and byssus thread production of different size groups of Modiolus 
stratulus at different chlorine concentrations. Data are expressed as mean + SE (η = 10 -15). Differences 
between control and experimental mussels (0.25 -1.50 mg I'1 residual chlorine) were compared by student's 
(-tests after Bonferroni's adjustment1 for multiple pairwise comparisons. The posteriori differences between size 
groups in each chlorine dose were identified using one-way ANOVA. Significance levels are indicated by: 
*P<0.05, "P<0.01, ™ = not significant. 
Chlorine 
dose 
(mg I') 
Control 
0.25 
0.50 
0.75 
1.00 
1.50 
Chlorine 
dose 
(mg I') 
Control 
0.25 
0.50 
0.75 
1.00 
1.50 
Chlorine 
dose 
(mg 1') 
Control 
0.25 
0.50 
0.75 
1.00 
1.50 
Rate of filtration (ml h'1 mussel"') 
Size of the mussels (mm + 
7.0+0.6 18.5+1.7 
19.2+3.3 
13.5+2.9" 
12.7+3.0" 
4.7+1.7" 
2.0+1.0" 
1.3+0.6" 
25.4+3.6 
22.1+4.0™ 
17.3+3.2" 
13.3+2.9" 
5.3+1.9" 
2.9+1.2" 
Foot activity index (%) 
Size of the mussels (mm + 
06.2+0.4 17.9+2.1 
89.6+10.6 
67.4+9.8" 
42.8+7.4" 
13.4+3.6" 
7.3+2.2" 
•4.7+1.5" 
75.1+12.2 
65.4+9.0™ 
49.5+6.2" 
20.2+5.1" 
13.7+4.2" 
6.0+2.8" 
Byssus thread production 
(threads mussel'' day') 
Size of the mussels (mm + 
06.5+0.9 
89.5+14.6 
68.2+8.7" 
46.3+9.8" 
15.1+5.6" 
5.0+3.0" 
3.4+1.9" 
17.8+1.4 
74.9+9.8 
70.3+9.0™ 
59.0+8.2" 
26.4+6.3" 
10.1+5.0" 
5.8+2.0" 
S.D) 
26.0+2.3 
30.2+4.9 
28.6+3.9™ 
20.9+3.2" 
16.6+2.5" 
7.0+2.1" 
3.8+1.5" 
S.D) 
25.2+1.9 
69.7+8.6 
61.9+7.5* 
40.3+6.1" 
18.5+3.0" 
10.9+3.1" 
4.2+2.4" 
S.D) 
25.4+1.5 
62.9+10.1 
58.3+9.9™ 
45.6+7.4" 
22.6+5.1" 
7.7+3.8" 
4.1+1.8" 
' Bonferroni adjustments were carried out, taking into account, 5 tests 
significant; 3.00 < t< 3.50 = Ρ < 0.05; t> 3.5 = P < 0.01). 
df 
29 
29 
37 
31 
29 
32 
df 
29 
29 
31 
29 
30 
33 
df 
29 
29 
31 
29 
30 
33 
per size group (n 
ANOVA 
F 
16.829 
44.061 
20.422 
68.451 
9.747 
12.144 
ANOVA 
F 
9.457 
0.988 
5.622 
7.761 
9.598 
2.246 
ANOVA 
F 
12.879 
4.518 
8.380 
11.306 
4.242 
4.175 
= 5; t < 3.00 
Ρ 
** 
** 
*· 
** 
* t 
** 
Ρ 
t * 
ns 
** 
** 
* É 
ns 
Ρ 
** 
* t 
** 
= not 
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Foot activity index 
The maximum foot activity index (90%) was observed in control experiments with 6 mm size group 
mussels (Table 1). At increased concentrations of chlorine, the foot activity index of 6 mm size group 
tended to decrease, reaching a very low level of 6% at 1.5 mg Γ1 of residual chlorine (t = 25.004, df 
= 1Θ, P<0.01). A similar pattern was evident for other size groups of mussels as well. Moreover, 
significant size-dependent variation in foot activity index was observed (ANOVA; control mussels; df 
= 29, F = 9.457, P<0 01); i.e., foot activity index decreasing with increasing size of the mussels. 
Byssus thread production 
As in the case of the filtration rate and foot activity index, a significant size-dependent vanation was 
observed in the byssus thread production of mussels to different concentration of chlonne (control 
mussels, df = 29, F = 12 879, P<0 01); the small mussels showed higher byssus production (Table 1). 
Furthermore, foot activity index and byssus production of mussels were strongly correlated to chlorine 
concentrations (7 mm size group; Spearman rank correlation test, r = 0.88, P<0 0001) 
Filtration rate, foot activity index and byssus production of mussels showed progressing 
reduction with increasing doses of chlonne (Table 1). For 18 mm size group mussels, filtration rate 
showed a reduction of 6% (t = 2.023, df = 18, P>0.05) and 92% (t = 19 163, df = 20, P<0.01) at 0.25 
mg Γ1 and 1 5 mg I ', respectively. Similarly, at 1.5 mg 11, foot activity index and byssus production 
showed a reduction of 92% (t = 21 736, df = 20, P<0.01) and 89% (t = 19 913, df = 19, P<0.01) 
respectively, for the same size group of the mussels. At any given chlorine dose, filtration rate, foot 
activity index and byssus production showed maximum reduction in young mussels In all size groups, 
physiological activities of mussels showed a strong decrease at 0.75 mg I ' residual chlorine; indicating 
that 0 75 is the chlonne range at which activities are critically affected in M striatulus 
Exponential regressions of the concentration of chlonne doses on the sublethal responses 
(filtration rate, foot activity index and byssus thread production) of different size groups of mussels are 
shown in Fig. 3. The sublethal responses of mussels are strongly correlated with different 
concentrations of the chlorine doses (r = 0 96; P<0 0001). 
Discussion 
Continuous application of chlonnation at low-levels (01 mg Г1 residual chlorine), is the most commonly 
used method of mussel control in cooling conduits of power stations (Jensen, 1982, Rajagopal, 1991). 
In India, recent studies have shown that continuous low-level chlonnation (0.1 to 0 5 mg I ') retards 
mussel settlement in the cooling systems of Madras Atomic Power Station (Rajagopal et al., 1996) 
Similarly, Bucaille and Kim (1976) observed that a chlonne level of 0.5 mg I 1 was enough to deter 
mussel settlement in a French power station Work on larval Dreissena polymorpha (Pallas) 
(Benschoten et al., 1993) and Mytilus edulis L. (Lewis, 1985), has shown larval mortality occurnng at 
residual chlonne levels as low as 0.1 mg Г1. However, expenments with adult mussels have indicated 
that a treatment with higher concentrations (1 mg I ' total residual chlonne) will eventually kill attached 
mussels in the cooling conduits of power stations (Jenner, 1985; Klerks and Fraleigh, 1991 ; Rajagopal 
et al., 1996). Moreover, for a complete kill, treatment times of one week (Jensen, 1982) to several 
months will be required, depending on water temperature (Lewis, 1985; Jenner and Janssen-Mommen, 
1993). The present results show that the time to 100% mortality of Modiolus stnatulus was 24 d at 1 
mg I ', 15 d at 2 mg Г1 and 10 d at 3 mg Г1 chlonne residuals (Table 2). The exposure time required 
for 100% mortality appears to be much lower than that reported for Pema viridis (Rajagopal et a l , 
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1995), Mytilus edulis (James, 1967) and Mytilopsis leucophaeta (Conrad) (Rajagopal et al., 1994). 
However, no published results are available for M. striatulusio facilitate comparison with the present 
one. Based on the results of this study, it seems that M. striatulus succumbs more easily to a given 
dose of chlorine, when compared to P. viridis, M. edulis and M. leucophaeta. The difference in 
tolerance among these species could be due to the different degree of their metabolic adaptations 
40 r-
80 г 
H 60 -
H 
о·— 
0.0 
О 7пип уж24907е-2-11,(гж09б) 
• 19mm. ужЗ>255е 1 M , ( r«09 í ) 
о » m m уж47.33Эс 1 7»(гж09») 
O 6mut y . 102.37e "»"(r.O96) 
« 18mm y-10917e | в , ( г ж 0 9 9 ) 
α 22 mm. y «107 59e " h (г · 099) 
7 mm у « 124 31 e 2 Я ж (г • 0.96) 
• 18 mm. уж 133 Me· " °"( г-0 97) 
о 25 mm. у · 114 M e" 2 Л ж (г ж О 9В) 
0.4 0.6 0.8 1.0 1.2 
Chlorine dose (mg Г1) 
1.6 
Fig.3. Relationship between chlorine concentrations and physiological activities of different size 
groups of Modiolus striatulus (each point represents mean value of 10 to 15 mussels). All 
regression parameters are significant at P<0.0001. 
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(Bayne et al., 1976). However, influence of other factors that may cause greater biocide resistance 
such as sex (Martin et al., 1993a), season (Jensen, 1982; Jenner, 1985) and reproductive differences 
(Martin et al., 1993b) cannot be discounted. 
The most obvious feature of a bivalve is the protective shell. During periods of chlorination, 
mussels shut their valves (Khalanski and Bordet, 1980) and halt byssus production (Rajagopal et al., 
1994). In doing so, they isolate their body tissues from changes in the external environment. Bayne 
et al. (1976) suggested that sensitive receptors on the mantle might be responsible for shell closure 
in mussels. The period they remained closed could last from 7 d (Jensen, 1982) to 35 d (Theede et 
al., 1969), with only short and intermittent periods of shell opening (Widdows, 1973; Kramer et al., 
1989). Lewis (1985) noted that mussels, M. edulis treated with chlorine residuals of 4.43 mg Г1 for 49 
h, were capable of making recovery within 30 minutes of exposure to ambient seawater. However, 
Jensen (1982) found that M. edulis failed to recover after a 24 h exposure to a chlorine residual of 8 
to 40 mg Г1. A review of the literature shows that at chlorine levels <1.0 mg Г1, mussels are able to 
open their valves to feed, although at a reduced rate (White, 1966; Rajagopal, 1991). However, at 
higher chlorine levels, they are forced to shut their valves and exist on stored food reserves and 
anaerobic respiration (Lewis, 1985) until energy resources are depleted or metabolic wastes reach a 
toxic level (Jensen, 1982). Higher chlorine residuals {i.e. 40 mg Г1) may cause denaturation of cell 
membranes leading to lethal effects, particularly in the gills (Opresko, 1980), but at low residuals other 
physiological activities are affected (Rajagopal et al., 1994). Therefore, experiments were conducted 
to ascertain the effects of chlorine administered at low-levels (0.25 to 1.50 mg Г1) on the physiological 
functions such as filtration rate, foot activity index and byssus thread production of M. striatums. The 
present data clearly indicated that M. striatulus was able to sense the presence of chlorine at levels 
as low as 0.25 mg Г·1 and responded by reducing the filtration rate by 6% to 30% (Table 1). Since, 
chlorination is done on a continuous basis, mussels do not get an opportunity to compensate for the 
loss incurred due to reduced food intake (Jensen, 1982). Under such circumstances, drastic decline 
of the growth rate could be expected (Lewis, 1985). 
To make matters worse, production of byssus thread is also affected (Table 1). Moreover, 
higher percentage reduction of byssus production was observed in young mussels at all chlorine levels 
(Fig. 3). It is well known that young mussels are more active than older mussels and have relatively 
high metabolic rates (Bayne et al., 1976). Therefore, under stress, juveniles might react more rapidly 
than larger mussels. Differences in filtration rate among different size groups of mussels are possibly 
due to the variations in the gill area as reported by Jones et al. (1992). Similarly, suppression of foot 
activity index and reduction of byssus strength in chlorinated M. edulis have been reported by White 
(1966) who observed that mussels chlorinated at 0.2 mg Г1 residual level required 56% less force to 
detach than unchlorinated ones. Holmes (1970) also estimated that force required to detach M. edulis 
from a chlorinated cooling water system was 18-55% less than that for control mussels. Byssus 
inhibition by chlorine is thought to be mediated through interference in the biochemical machinery 
involved (Lewis, 1985). Holmes (1970) suggested that chlorine would interfere with the quinone tanning 
process, a vital step in the thread formation. However, further work is required to conclusively prove 
the mode of action of chlorine on byssus production. 
Comparison of mortality data between young and adult M. striatulus shows that adult mussels 
are more resistant than young ones (Fig. 1). Therefore, it appears that when different age groups of 
M. striatulus are subjected to chlorine, it is the juveniles which are likely to get killed faster. The 
present chlorination regime at MAPS (low-dose continuous chlorination of 0.5 mg Г1) was originally 
targeted against P. viridis (Rajagopal et al., 1991). From the present data, it is clear that M. striatulus 
is also likely to get eliminated at the above chlorine residuals, as it is more sensitive to chlorine than 
P. viridis. 
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Conclusions 
1. The study showed that 100% mortality of M stnatulus could be achieved in 1 θ days at a chlorine 
concentration of 1 mg I '. The exposure time required for 100% mortality of M. stnatulus is much 
lower than that reported for some other common fouling mussels. 
2. Physiological functions of the mussels are affected by chlonne in a dose-dependent fashion. 
3. The study showed 0.75 mg Γ1 to be the threshold chlonne concentration at which some of the 
physiological functions are critically affected. 
4. Where P. viridis and M. stnatulus co-exist in large numbers such as in MAPS, chlonnation regime 
targeted against the former will also eliminate the latter 
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Synthesis 
The motivation for the present study has been the continued problem of biofoulmg in the cooling water 
conduits of Madras atomic power station (MAPS), Kalpakkam, which uses coastal seawater from the 
Bay of Bengal. In general, the problems have been heavy growth of calcareous fouling organisms in 
the sub-seabed intake tunnel which lead to a severe pressure drop in the forebay and flow blockage 
by shells in the condenser tubes (Rajagopal, 1991; Rajagopal et al., 1989a; 1991a, 1991b). Prior to 
the present investigation, some studies have been conducted by various authors on the hydrographical 
conditions and fouling organisms of the Kalpakkam coastal waters (Godwin, 1980, Karande et al., 
1983, Nair et al., 1988; Sasikumar et al., 1989). History of biofoulmg problems and research in 
Kalpakkam pnorto 1987 is given in Table 1. Equipped with this sketchy information, a comprehensive 
investigation was organised with an objective to study the various aspects of biofoulmg in the cooling 
conduits of the power station 
Biofouling studies in Kalpakkam coastal waters 
Earlier studies as well as experience at the power station have indicated that mussels and barnacles 
were the most problematic organisms adversely affecting the operation of the power station Since it 
was known that green mussels, Pema viridis (L.) are extensively distributed on this part of the coast 
with natural beds occurring at vanous places (Vakily, 1989), it was clear that the Kalpakkam coastal 
waters had to be studied in great detail to get a clear picture of the dynamics and abundance of the 
fouling species Coastal waters act as the source of the larvae and any variation in the abundance of 
larvae in these waters could be expected to be reflected in the colonisation patterns of the tunnel as 
well. 
Artificial substrates (e.g. experimental panels made of PVC, glass, concrete, wood etc.) are 
generally used to provide data concerning the occurrence of different fouling species, their growth rates 
and breeding seasons (Hillman, 1977) In this context, the accumulation of fouling organisms on an 
exposed surface depends obviously on the species which are naturally present at a given site as well 
as their ability to attach and grow on that surface There are several other factors which also influence 
fouling prediction data denved from panels, such as nature of substrate matenal, duration of exposure, 
time and depth of panel immersion, and the number of panels used in each set of experiments. The 
panel studies were conducted in the Kalpakkam coastal waters in an effort to obtain detailed 
information on the ecology of fouling organisms with special reference to seasonal variations in 
settlement pattern and succession at different depths. 
Seasonal distribution and community succession of macrofoulants were studied using concrete 
panels in the coastal waters of Kalpakkam for a period of two years. The panels were suspended at 
1 m, 4 m and 7 m depths and categonsed into short-term and long-term exposures A total of 105 
fouling taxa were recorded. The major fouling organisms observed were hydroids, barnacles, mussels, 
anthozoans and ascidians. Settlement of these organisms was highest dunng summer in accordance 
with relatively high temperatures, salinity and chlorophyll-a. Considerable faunistic and biomass 
variations were noticed both with respect to season and depth The month of panel exposure had a 
significant influence on the subsequent succession pattern of fouling communities On the short-term 
panels, the maximum fouling biomass was 64 kg m2 in 30 days at 4 m depth, whereas on the long-
term panels, it was 250 kg m2 after 216 days at 4 m depth. A companson with the values reported 
from elsewhere shows that biomass build-up in Kalpakkam coastal waters is one of the highest ever 
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Table 1 History of biofouling problems* and research in Kalpakkam prior to 1987. 
1969 Early construction phase of the MAPS reactors, the galvanised iron pipes used for the 
borewells were found to be covered by a variety of fouling organisms. 
1970-1973 A condenser matenal test loop was run near the sea-shore using seawater drawn from 
Kalpakkam coastal waters, the seawater intake pipes were choked by fouling organisms (e g 
oysters, tubeworms etc.) and required cleaning almost every month 
1974-1976 Construction of sub-seabed tunnel and since has been flooded with seawater, chlonnation 
on an intermittent basis (for 1 hour, once in 8 hours at the rate of 1 - 2 mg 11 residual) has 
been in use in order to control the fouling organisms since 1979. 
1976-1979 Studies on the base-line ecology of Kalpakkam coastal waters, (1 ) studies on the settlement 
pattern and growth of fouling organisms in Kalpakkam coastal waters (Godwin, 1980) and (2) 
studies on the biofouling at Kalpakkam and chemistry of seawater chlonnation in relation to 
fouling control (Karande et a l , 1983). 
July 1983 Start-up and operation of MAPS Unit I, the seven pumps were used in the forebay to draw 
the cooling water. 
October 1984 The annual shut-down for maintenance of MAPS I, several condenser tubes were blocked 
by shells of green mussel, Perm vmdis. 
September 1985 Start-up and operation of MAPS Unit II, the eleven pumps were used in the forebay to draw 
the cooling waten about 50 tonnes of mussel shells were collected on the travelling water 
screens when Unit II circulating water pumps were started pnor to the commissioning of Unit 
1985-1986 The condenser tubes were blocked by mussel shells and developed leaks due to erosion-
corrosion, condenser tube blockage often forced the operators to resort to backwashing to 
restore condenser heat transfer efficiency. 
1986 Both units were operated at full power (220 MWe each) and eleven condenser cooling water 
pumps in service, water level in the forebay dropped to 2 8 m as against the design value of 
3 6 m and thus power production was reduced. 
April 1986 Diving inspections of forebay up to 42 m were earned out by Indian Navy diving team in order 
to discover the reasons for pressure drop in the forebay, diving inspections showed that tunnel 
shafts were fully covered by the growth of diverse manne foulants, particularly Ρ viridis up 
to a thickness of 15 cm (Rajagopal et al., 1989a, Nair and Murugan, 1991) 
May 1986 Panel studies were initiated in order to understand the problem of biofouling in Kalpakkam 
waters. 
* October 1983, November 1983 and Apnl 1985 Unscheduled shut-down of power station due to large ingress 
of jelly fishes (refer Rajagopal et a l , 1989b for the problem of jelly fish ingress in Madras atomic power 
station). 
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reported. Such a very high biomass accumulation was due to the extremely dense settlement of 
mussels, especially the green mussel, P. viridis. Data on total weight of fouling organisms and weight 
of P. viridis was highly con-elated. Eventhough there is a high diversity of fouling taxa in Kalpakkam, 
the green mussel, P. viridis is the most problematic fouling species. 
Biofouling problems in the Madras atomic power station 
The potential of the Madras atomic power station cooling circuit to become fouled was foreseen by the 
plant authorities and therefore intermittent chlorination has been carried out since 1983. Chlorine was 
added at the intake over 1 hour, once every 8 hours, to achieve a residual concentration of 1-2 mg 
Γ
1
 at the outfall. However, this treatment did not prevent fouling organisms from settling and growing 
inside the tunnel (Table 2). MAPS sub-seabed tunnel was inspected by a diving team during December 
1987 to evaluate the extent of fouling inside the cooling conduits. The divers collected samples of 
marine life from 27 locations in the MAPS tunnel system. Data on the numerical density and fouling 
biomass of different fouling groups from the tunnel inspection are presented in Tables 2 and 3, 
respectively. Tables 2 and 3 show the enormous amounts of fouling discovered inside the tunnel during 
inspection. In a highly specialised habitat like the MAPS submarine tunnel, species such as Perna 
viridis, P. indica and Modiolus striatulus have successfully colonised the available substratum and have 
become dominant species. The environment inside the cooling conduits of an operating power station 
is favourable for mussel settlement in many ways. High water flow rate continuously supplies food and 
oxygen and removes metabolic wastes, and thereby favours good growth (Nixon et al., 1971 ; Perkins, 
1974; Jenner, 1980; Rains et al., 1984). Perpetual darkness ensures a lack of competitive pressure 
from algal species (Neitzel et al., 1986). Similarly, prédation pressure from conventional predators such 
as starfish and crabs is also reduced (Neitzel et al., 1984). Numerically, mussels species of M. 
striatulus, M. modiolus and M. philippinarum outnumbered the other fouling species and represented 
75% of total fouling (Table 2). However, green mussel, P. viridis contributed the bulk of the total 
biomass (Table 3). The total weight of fouling material in the entire tunnel system was found to be 578 
tonnes, of which the contribution by green mussels alone was 411 tonnes (71%). 
Table 2. Numerical density (numbers m"2) of various groups of fouling organisms in the samples collected by 
divers from the inside of MAPS intake tunnel during December 1987. 
Fouling 
organisms 
Green mussels 
Brown mussels 
Oysters 
Clams 
Modiolus spp. 
Snails 
Barnacles 
Sponges 
Bryozoans 
Tubeworms 
Intake 
shaft 
2658 
0 
98 
0 
14427 
124 
302 
98 
1Θ 
62 
17787 
Tunnel 
2511 
1444 
89 
0 
10400 
533 
556 
0 
0 
0 
15533 
Forebay 
shaft 
2463 
581 
89 
370 
14785 
422 
252 
11 
0 
222 
19195 
Average 
2544 
675 
92 
123 
13204 
360 
370 
36 
6 
95 
17505 
%of 
average 
15.53 
3.86 
0.53 
0.70 
75.43 
2.06 
2.11 
0.21 
0.03 
0.54 
100.00 
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Chlorination and mussel control 
Chlorination is commonly used for fouling control in power stations (Jenner et al., 1996; Rajagopal et 
al., 1996a). In the search for the most efficient method of using chlorine, a number of approaches have 
been examined but two in particular are used in standard practice: intermittent and continuous dosing 
(Jenner et al., 1997). As mentioned earlier, intermittent chlorination (1 hour in every 8 hours at the rate 
of 1-2 mg Γ1 residual chlorine at the outfall) was used at MAPS as a fouling control measure. However, 
tunnel inspection indicated that intermittent chlorination had not been very effective in controlling 
fouling at MAPS. It is well known that chlorination adversely affects the pumping rate, feeding, shell 
opening and byssus thread production of mussels and therefore reduces growth rate (White, 1966; 
Holmes, 1970; Khalanski and Bordet, 1980; Whitehouse et al., 1985). During the periods of 
chlorination, mussels close their shell valves and switch from oxidative respiration to facultative 
anaerobic respiration and maintain themselves on stored food reserves (Rajagopal, 1991). However, 
in such intermittently chlorinated water, recuperation is possible because during the breaks in 
chlorination mussels can actively feed and produce byssus threads (Lewis, 1985). Enhanced growth 
rate of mussels inside the cooling circuit, as described earlier, more than compensates for any 
resource drain caused by short-term intermittent chlorination. This explains why intermittent chlorination 
has not been so effective in checking tunnel fouling at MAPS. Also at Carmarthan Bay power station, 
seawater culverts were severely fouled within a year when no chlorine was used; manual cleaning 
followed by intermittent chlorination led to a reestablishment of fouling organisms (Beauchamp, 1966). 
Table 3. Total fouling biomass (tonnes) in the entire MAPS submarine tunnel system. The total fouling biomass 
was calculated based on the 19 samples collected by divers from the different locations in the MAPS tunnel 
system. 
Fouling 
organisms 
Green mussels 
Brown mussels 
Oysters 
Clams 
Modiolus spp. 
Snails 
Barnacles 
Sponges 
Bryozoans 
Tubeworms 
Miscellaneous* 
Intake 
shaft 
50.89 
0 
0.26 
0 
1.54 
0.41 
1.57 
0.38 
0.02 
0.03 
5.87 
60.96 
Tunnel 
253.16 
54.11 
3.48 
0 
9.86 
15.85 
33.82 
0 
0 
0 
16.23 
386.50 
Forebay 
shaft 
107.25 
3.82 
0.81 
5.39 
1.76 
1.98 
1.69 
0.09 
0 
0.53 
7.25 
130.57 
Total 
biomass 
411.30 
57.93 
4.56 
5.39 
13.16 
18.23 
37.08 
0.46 
0.02 
0.55 
29.34 
578.03 
%of 
total 
biomass 
71.16 
10.02 
0.79 
0.93 
2.28 
3.15 
6.42 
0.08 
0 
0.10 
5.08 
100.00 
This includes hydroids, ascidians, sea anemones, brittle stars, gorgonians and damaged shells of molluscs 
and barnacles. 
Chapter 10 159 
Subsequent to tunnel inspection, continuous chlorination of cooling water was adopted by 
MAPS in January 1988. In the initial two months, higher doses (shock-doses of >2 mg Γ1 residual 
chlorine) were used so as to remove the established fouling communities from inside the cooling 
conduits. From April 19ΘΘ onwards, the chlorination schedule was changed to continuous low-level 
dosing (<1 mg Γ1 residual chlorine). 
In power plants, where in situ observation of intake tunnels is impossible due to lack of 
accessibility during normal operation, head loss data (water level differences between forebay and 
intake is measured from the platform at the respective places, using a lead and line) seem to be 
particularly useful in assessing fouling-induced flow reduction. Data on head loss at the forebay clearly 
show the effectiveness of shock-dose chlorination in the removal of established mussels. According 
to Lewis (1985), the optimum chlorine level required to kill mussels is in the order of 1 to 2 mg Γ1, 
when applied continuously. In a laboratory experiment at Brighton 'A' power station, Lewis (1984) 
reported that 100% mortality could be achieved in 19.7 days at a total residual level of 4.43 mg Γ1. 
Jensen (1982) used a lower mean residual of 1.3 mg Γ1 (0.2-4.0 mg Γ1) on Mytilus edulisoi 10-15 cm 
length and achieved 97% mortality in 21 days. Beauchamp (1966) reported that at Carmarthan Bay 
power station, mussel control was achieved by continuously chlorinating cooling water at a rate of 0.5 
mg Γ' to achieve a residual of 0.05-0.1 mg Γ1 at the forebay. However, there are contradictory reports 
such as that of Jenner (1983) who found, using side-stream monitors, that at a mean residual level 
of 0.2 mg Γ1 (0.1-0.25 mg Γ1), chlorine had no effect on mussel settlement at Maasvlakte power station. 
White (1966) reported that in M. edu//s chlorinated at an average chlorine residual of 0.2 mg Γ1, the 
growth rate was reduced to about 13% of that of control mussels. Whitehouse et al. (1960) found that 
in mussels subjected to continuous chlorination (0.5 mg I'1 residual), the growth rate was reduced to 
39%, as compared to controls, over an interval of 42 days. Similarly, suppression of foot activity and 
reduction in byssus attachment strength in chlorinated mussels have been reported by White (1966) 
who observed that mussels chlorinated at 0.2 mg Γ1 residual level required 56% less force to detach 
than unchlorinated ones. Holmes (1970) also estimated that the detachment force of mussels from a 
chlorinated cooling water system was 18-55% less than that of control mussels, while Whitehouse et 
al. (1980) and Rajagopal et al. (1994a) observed a marked reduction in the byssus thread diameter 
of mussels exposed to a residual of 0.5 mg Γ'. It seems plausible that a combined effect of reduced 
growth rate and a general weakening of the byssus attachment, compounded by high flow rates inside 
cooling circuits, is probably responsible for the mass exodus of mussels from MAPS. From the 
foregoing account, it is obvious that mussels residing in the cooling water tunnel of MAPS were poorly 
growing and weakly attached following continuous chlorination, though direct measurement of neither 
growth rate nor attachment strength inside the tunnel was possible. 
Biology of green mussels 
From the point of view of control of mussel fouling in power stations, a thorough understanding of the 
breeding behaviour, settlement and growth rates of the mussels is important. Mussel fouling control 
has been reported to be effective if attempted during peak settlement season when plantigrades in the 
cooling water attempt to settle on the available surface (White, 1966; Coughlan and Whitehouse, 1981 ; 
Lewis, 1983). Furthermore, data on the settlement and growth of mussels within and outside the 
cooling conduits are useful in assessing the effectiveness of control measures (James, 1967; Neitzel 
et al., 1984; Whitehouse et al., 1985). 
The present studies show that unlike some other tropical marine organisms, the green mussels 
at Kalpakkam do not have a continuous year-round breeding pattern, instead, they have two distinct 
spawning seasons: one during April-June and the other in October. Their breeding seasons, though 
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well defined, occur over a protracted period of time thus ensuring larval supply for longer durations. 
This necessitates maintenance of a continuous chlonnation regime to discourage plantigrades from 
settling inside the cooling circuits. Seed (1976) also stated that though it may be possible to anticipate 
periods of maximum settlement from a knowledge of the reproductive cycle and periods of larval 
abundance, recruitment can occur at almost any time and is not always predictable Under such 
circumstances, any antifouling system has to be available throughout the year. Lewis (1985) reported 
that for a mussel with a shell length of 2 cm, ten days of starvation might be compensated by one day 
of feeding under favourable conditions. It follows that uninterrupted chlonnation is very important for 
operating power plants because once mussels settle and grow, higher chlorine residual concentrations 
are required to remove them. 
Control measures 
The search for the most efficient methods for the control of fouling in power station cooling conduits 
has been ongoing since the beginning of the twentieth century (Ritchie, 1927; Woods Hole 
Océanographie Institution, 1952; Mattice, 1985; Costlow and Tipper, 1984; Whitehouse et al., 1985; 
Jenner et al., 1997). In general, biological fouling (biofouhng) can be controlled by means of three 
broad methods; physical, chemical and biological. 
Physical methods 
Physical methods generally include mechanical cleaning, filtration of incoming water, use of high 
energy radiation (UV or ionizing radiation), water velocity and heat treatment. However, from a practical 
point of view, mechanical cleaning and heat treatment have remained as the most economical and 
technologically feasible methods. Nevertheless, mechanical cleaning is basically a posteriori method 
which is employed after actual fouling has taken place and therefore has limited use Heat treatment, 
on the other hand, seeks to prevent the settlement of propagules and eliminate existing fouling. Hence, 
this measure is quite attractive from the operators point of view as it is both prophylactic as well as 
therapeutic. 
In a fouling control program involving heat treatment, the heated effluents, instead of being 
discharged, are recirculated through the pre-condenser sections. This recirculation is continued until 
the water flowing through the conduits has attained a sufficient temperature to kill all the fouling 
organisms existing inside. In general, the temperature difference between intake and outfall (ΔΤ) is 
maintained below a stipulated limit to prevent any potential damage to the environment as a result of 
the discharge of heated effluents. There are problems with this method, particularly the production 
penalty due to excess heat on the turbines. This method requires major design modifications of cooling 
systems in stations already operating. Furthermore, it is often expensive or technically difficult. 
Fouling control methods based on temperature changes have been investigated and adopted 
in many industrial cooling systems since 1950 (Chadwick et al., 1950, White, 1950, Woods, 1955; 
Plotner, 1968; Foster, 1969, Graham et al., 1977; Schlesinger, 1977; Stock and Stachan, 1977; 
Jenner, 1982; Rajagopal et al., 1997) Relatively small increases in ambient seawater temperature 
cause significant mortalities in the mussels; Mytilus edulis (Graham et al., 1975; Jenner, 1982), P. 
viridis (Rajagopal et al., 1995a), P. indica (Rajagopal et al., 1995b), Modiolus striatulus, M. 
philippinarum and M. modiolus (Fig. 1), barnacles (Woods, 1955; Foster, 1969; Graham et al., 1975; 
Sasikumar et al., 1992) and other manne species (Woods, 1955, Graham et al., 1977; Whitehouse et 
a l , 1985; Rajagopal et al., 1996b; Jenner et al., 1997). Fischer et al. (1984) suggested that manne 
organisms are significantly more temperature sensitive than their terrestrial counter-parts, possibly as 
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Fig.1. Exposure time required for 100% mortality of Pema viridis, P. indica, Modiolus striatulus, M. 
philippinarum and M. modiolus at different temperatures. 
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Table 4. List of oxidising and non-oxidising compounds used in biofouhng control (modified after 
Jenner et al., 1997). 
Group 
1 Oxidising 
Chlorine-based 
Bromine-based 
Other 
II Non-oxidising 
Isothiazolones 
QACs 
Other 
Name of biocide 
Sodium hypochlorite 
Sodium dichloroisocyanurate 
Chlonne dioxide 
Sodium hypochlorite + NaBr 
1-bromo-3-chloro-5,5 dimethyl-
hydanthoide (BCDMH) 
Ozone 
Hydrogen peroxide 
Peracefic acid 
2-methyl-4-isothiazolm-3-one 
5-chloro-2-methyl-4-isothiazolin-3-one 
1,2-benzoisothiazolm-3-one 
Alkyl-dimethylethyl-benzylammonium chloride 
Didecyl-dimetyl-ammonium chlonde 
Alkyl-dimethyl-benzyl-ammonium chlonde 
Poly [oxyethylene (dimethyl-iminio)-etfiylene-
(dimethyl-iminio) ethylenedichlonde] 
b-bromo-b-nitrostyrene 
Methylenebisthiocyanate 
2-bromo-2-nitropropane-1,3,-diol (BNPD) 
2,2,-dibromo-3-nitnlo-propionamide(DBNPA) 
Glutaraldehyde 
Reaction time 
Fast 
Fast 
Very fast 
Fast 
Fast 
Very fast 
Fast 
Fast 
Slow 
Slow 
Slow 
Average 
Average 
Average 
Average 
Fast 
Fast 
Average 
Fast 
Average 
Target organisms 
All 
All 
All 
All 
All 
All 
All 
All 
All 
All 
All 
All 
All 
All 
All, mostly used 
as algicide 
All 
All, except algae 
All, except algae 
All 
All, except fungi 
and algae 
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a result of the relative stability of temperature in their natural environment. In most of the cases, it is 
also reported that the treatments that were effective against mussels were also successful against 
most other fouling organisms. The simplicity and high performance of thermal treatment of mussel 
control make it a viable alternative to chlonnation and, therefore, can be recommended to affected 
industries (Holmes, 1970; Benson et al., 1973; Graham et al., 1975, Jenner, 19B2, Rajagopal, 1991; 
Rajagopal et al., 1994b). 
Chemical methods 
In spite of the fact that chlonnation is a standard method for fouling control in power stations, little data 
exist regarding the response of fouling organisms in tropical waters. Therefore, laboratory expenments 
were earned out in order to assess the mortality of five species of tropical mussels in relation to varying 
chlorine concentrations. The data show that the time required for 100% mortality of Ρ vindis is much 
higher than that for other tropical mussel species viz. P. indica, Modiolus stnatulus, M philippmarum 
and M. modiolus (Fig. 2). 
Marine fouling can be most economically controlled by application of chemicals (Fischer et al., 
1984) Much work has been undertaken in the search for suitable chemical treatments and list of 
existing oxidising and non-oxidising compounds used in fouling control is given in Table 4. For 
decades, chlorine has remained as an ideal chemical agent to control all sorts of fouling organisms 
(e g bacteria, algae, fungi and invertebrates), since it has first used in 1947 by Commonwealth Edison 
company, USA (Nalepa and Schloesser, 1993) The advantages include its cheap and flexible 
availability (in gaseous, liquid and solid forms), ease of dosage and broad spectrum activity. Chemistry 
of power plant chlonnation and its byproducts have been reviewed by White (1972), Lewis (19Θ5), 
Mattice (1985), Rajagopal et al (1996a) and Jenneretal (1997). 
However, there are disadvantages attached to the use of chlorine as an antifouling agent in 
once-through cooling systems. Chlonne byproducts (e g halophenols, halo acetic acids) are known 
black-list compounds (Jenner et al., 1997) and can be potential pollutants of receiving waters 
Therefore, there has been increasing pressure on users to switch from chlonnation to environmentally 
more acceptable methods of control. 
In this context, chlorine dioxide (CI02) has been considered as a potential alternative to 
hypochlorite or electrogenerated chlonne in recent years (Jenner et a l , 1997), because of its 
effectiveness as a disinfectant and its lower production of organohalogenated byproducts (Lykms and 
Griese, 1986). The efficiency of CI0 2 as an antifouling agent in seawater has been tested by ENEL 
(Ente Nazionale Energie Electtnca, Italy) in the cooling systems of a steel plant at Taranto (Italy) and 
Brindisi Nord power station (4 χ 320 MWe) at Brindisi (Italy) in order to assess its feasibility, 
effectiveness and environmental acceptability in companson with traditional chlonnation (Jenner et al., 
1997). According to their results, CI0 2 efficiently controlled both slime and mussel fouling and resulted 
in a thirty fold reduction in organohalogenated compounds in the effluent by companson with data from 
a concurrent treatment with hypochlonte (Jenner et a l , 1997) The toxicological properties of CIO-, used 
as a disinfectant of drinking water are well known (see Couri et a l , 1962 for review). However, 
information about its use for seawater treatment is scanty and so far only a few studies have focused 
on the toxicological effects of CI0 2 on fresh water and marine organisms (Wílde et a l , 1983; Hose et 
a l , 1989). 
Biological methods 
Eventhough chlonnation and heat treatment are the most commonly practised antifouling methods in 
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Fig.2. Exposure time required for 100% mortality of Pema viridis, P. indica, Modiolus striatulus, M. 
philippinarum ana M. modiolus at different chlorine concentrations. 
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power plants, continued efforts are being made to develop newer techniques. In these attempts to 
develop antifouling technology, an emphasis to ensure environmental safety is an important imperative 
prerequisite. This underlines the importance of developing biological means in which to control 
biofouling. This can be achieved through the use of antagonistic organisms (e.g. natural predators) or 
use of biochemical agents (enzymes and hormones). Environmental impacts are likely to be minimal. 
However, technological feasibility remains quite low as of today. A promising approach is the use of 
microbiological organisms and their products (Claudi and Mackie, 1994; Abarzua and Jakubowski, 
1995). However, much work needs to be done before a practical biological method suitable for 
operating stations is available. 
Conclusions 
1. The intensity of fouling in Kalpakkam coastal waters is exceedingly high. In fact, the biomass 
build-up rates are the highest recorded in the literature. 
2. Such very high biomass accumulations are due to the extremely dense settlement of mussels, 
especially the green mussel, P. viridis. A shell growth rate of 119 mm in a year was observed in 
P. viridis at the intake gates: which is much higher than any value reported so far in the literature. 
In the process of colonisation of specialised environments, such as a seawater intake tunnels, 
mussels have a competitive edge over most of the other common fouling groups, and therefore, 
mussel domination in such environments is also likely at other similar localities. 
3. Intermittent chlorination is an ineffective method for tropical mussel control. Continuous shock-
dose chlorination is useful for dislodging established mussel communities from intake tunnels. 
Continuous low-dose chlorination is helpful in the control of mussel settlement; in this method, 
juveniles are simply prevented from attaching to the intake walls. 
4. The exposure time required for 100% mortality of P. viridis is much higher than that of other 
tropical fouling mussels. Therefore, heat treatment and chlorination regimes targetted against P. 
viridis will also eliminate all other fouling mussel species. 
5. Heat treatment of the incoming water seems to be an effective method for biofouling control in 
power plant cooling systems. It is inherently more economical in tropical conditions due to the fact 
that ambient water temperatures in the tropics are closer to the upper lethal temperatures of 
marine life as compared to those of temperate waters. ^ 
Recommendations 
1. The correct identification of species is the first and most important step in the biological 
investigation of any group of organisms. In India, detailed taxonomie studies on biofouling have 
been very few, and most of the available taxonomie keys for various fouling groups are 
antiquated. Although about 150 taxa have been reported as macrofouling animals from Indian 
waters, much of the Indian coast line still remains uninvestigated; including some of the major 
ports (e.g. Calcutta on the east coast of India). Even in the present study, some of the fouling 
species were not fully identified because of limitations on the degree of taxonomie expertise. 
Therefore, a systematic framework for the identification of tropical fouling organisms needs to be 
developed. 
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2. Appropriate data from basic biological studies including life histories, energy budgets, methods 
of dispersal and settlement of fouling organisms are necessary in order to evolve suitable control 
measures. To date, probably less than 5 percent of the reported 105 taxa at Kalpakkam are 
known biologically, and of these only a few have been studied in detail in all phases of their life 
history. Utmost importance should now be placed on the generation of quality data from field and 
laboratory studies of various basic biological aspects of fouling organisms. 
3. The design and optimisation of antifouling methods has biological, (eco)toxicological and 
technological aspects. However, wide gaps exist in the data regarding these aspects in tropical 
areas. These gaps must be filled in order to optimise antifouling processes, treatments and their 
environmental impact in tropical latitudes. In light of the huge increase in the number of coastal 
industries and power stations in recent years, it is imperative that these aspects be addressed. 
4. Chlorination is the currently used method of fouling control at MAPS. As part of an attempt to 
evolve an antifouling technique, the response of five species of tropical fouling mussels was 
investigated with respect to both mortality and sub-lethal effects. Nevertheless, it must be pointed 
out that the data are far from being sufficient and need to be augmented with more detailed 
studies on the response of the animals to prolonged exposure to low-level chlorination under 
actual operating conditions. 
5. Assessment of the type and magnitude of biofouling potential in a locality is an essential 
prerequisite for the erection of a coastal power station. Careful and systematic collection of data 
will go a long way in the prognosis of the problems that are likely to be encountered and the 
selection of suitable control methods at the design stage itself. Neglecting this aspect of biofouling 
may prove to be costly in the long run. It may also be added that power stations, using seawater 
intake tunnels which are inaccessible except during shut-down (such as that of MAPS), must be 
fitted with side-stream fouling monitors as suggested by Jenner (1985). This could be helpful not 
only in giving an idea about the onset and extent of fouling inside the tunnel, but also the 
assessment of the efficacy of control measures being employed. 
6. A perusal of all the literature, concerned with biofouling studies in India, reveals that the data are 
asynchronous. Future field and laboratory studies regarding biofouling should be designed in a 
way that allows easy and reliable comparison to each other. Furthermore, long term studies are 
highly desirable so as to develop predictive biofouling models. 
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Samenvatting 
De reden voor de huidige studie was het voortdurende probleem van aangroei in de koelwater-
systemen van de Madras Atomic Power Station (MAPS) te Kalpakkam, India. Deze centrale 
gebruikt zeewater voor het koelen van de condensors dat onttrokken wordt uit de Golf van Ben-
galen. De problemen worden veroorzaakt door een sterke aangroei van dieren met kalkskeletten in 
de ondergrondse innametunnel, hetgeen leidt tot een sterke verlaging van de druk in het pomphuis 
en blokkering van de condensorpijpen door schelpen. Voorafgaand aan de huidige studie is door 
verschillende onderzoekers oriënterend onderzoek verricht naar de hydrografische condities en 
aangroei-organismen in het kustwater. Met deze algemene informatie werd een uitgebreider 
onderzoek opgezet ten einde inzicht te verkrijgen in de oecologie van de aangroei-organismen 
alsmede om de effectiviteit van de bestrijding hiervan te verbeteren. 
Aangroei in de kustwateren van Kalpakkam 
Eerdere studies opgedaan bij de centrale wezen de groene mossel (Pema viridis (L.)) en 
zeepokken aan als de dieren die de meeste aangroeiproblemen veroorzaken met betrekking het 
operatief houden van de centrale. Aangezien het bekend was dat groene mosselen in dit deel van 
de kust wijd verspreid voorkomen, waarbij ook op verschillende plaatsen mosselbedden worden 
gevormd, lag het voor de hand de kustwateren in detail te bestuderen ten einde een duidelijk beeld 
te krijgen van de dynamiek en de abundantie van de soorten. De kustwateren fungeren namelijk 
als bron van de larven van deze soorten en elke variatie in de talrijkheid van de larven in deze 
wateren zal zich tevens manifesteren in de kolonisatie van de tunnel. 
Seizoensvariatie en successie binnen de gemeenschap van aangroei-organismen werden 
bestudeerd door gebruik te maken van betonnen tegels, waarop de aangroei gedurende twee jaar 
in de kustwateren van Kalpakkam werd bestudeerd. De tegels werden opgehangen op 1 m, 4 m en 
7 meter diepte. Er was een reeks tegels met korte expositietijden en een reeks met langere 
expositietijden ten einde zowel kolonisatie als successie en accumulatie te kunnen volgen. In totaal 
werden 105 taxa op de tegels vastgesteld. De voornaamste aangroei-organismen die werden 
waargenomen waren hydropoliepen, zeepokken, mosselen, zeeanemonen en zakpijpen. De 
vestiging van deze organismen is het sterkst gedurende de zomer en gecorreleerd met de relatief 
hoge temperaturen, de zoutgehaltes en het chlorofyl-a. Aanzienlijke variaties met betrekking tot de 
faunistische samenstelling als wel biomassa werden geconstateerd zowel gerelateerd aan seizoen 
als diepte. De maand waarin de tegel werd blootgesteld aan begroeiing had een duidelijk effect op 
de successie van de aangroeigemeenschap. Op de 'korte termijn' tegels was de maximale 
biomassa (natgewicht) 64 kg m'z in 30 dagen op een diepte van 4 m, terwijl op de 'langdurig' 
blootgestelde tegels dit 250 kg m'2 was na 216 dagen op dezelfde diepte. Een vergelijking met 
biomassawaarden die van elders gerapporteerd zijn, leert dat de biomassa-accumulatie van de 
aangroei in de kustwateren van Kalpakkam één van de hoogste waarden bereikt die ooit gemeld 
is. 
Zo'n zeer grote accumulatie is te danken aan de extreem dichte vestiging van mosselen, in 
het bijzonder de groene mossel. Het totale gewicht van de aangroei-organismen en dat van de 
groene mosselen is zeer sterk positief gecorreleerd. Ofschoon er dus een hoge diversiteit van 
aangroeitaxa geconstateerd is in Kalpakkam blijkt één soort nl. Pema viridis, de groene mossel het 
meest bij te dragen aan de aangroei. 
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Aangroelproblemen in de kerncentrale van Madras 
De mogelijkheid dat het koelwatersysteem van de kerncentrale van Madras last zou krijgen van 
aangroei was voorzien en daarom werd sinds 19Θ3 een discontinue chlorenng toegepast Chloor-
bleekloog werd om de acht uur gedurende een uur toegevoegd bij de inlaat om een restconcentra-
tie te bereiken van 1-2 mg I 1 bij de uitlaat. Deze behandeling verhindert echter niet dat aangroei-
organismen zich in de tunnel vestigen en daar groeien. Een enorme hoeveelheid aangroei werd 
door middel van een duikinspectie binnenin de tunnel ontdekt. In een type habitat als de innam­
etunnel van de kerncentrale van Madras hebben mosselsoorten als Pema viridis, P. indica Ku-
nakose & Nair en Modiolus stnatulus Hanley het beschikbare vaste substraat als dominante 
soorten succesvol gekoloniseerd. De condities binnen de koelwatercircuits van een in bednjf zijnde 
electricrteitscentrale zijn op velerlei wijzen gunstig voor de vestiging van mosselen. Een hoge 
stroomsnelheid, welke er voor zorgt dat er continue aanvoer is van voedsel en zuurstof en die de 
metabolische afvalstoffen verwijdert, bevordert een snelle groei. Voortdurende duisternis verzekert 
het ontbreken van algen, die om de beschikbare ruimte op het substraat zouden kunnen concurre­
ren De predatiedruk op de aangroei-organismen zoals mosselen door zeesterren en krabben die 
normaal hoog is, is in deze omgeving sterk gereduceerd De mosselsoorten M stnatulus, M 
modiolus sensu auct. en M philipptnanim vormen de meest talrijke soorten vergeleken met de 
andere aangroei-organismen De groene mossel, P. vindis, vertegenwoordigde in de tunnel echter 
het leeuwendeel van de biomassa. Het totale gewicht van aangroei-organismen was 578 ton, 
waarvan alleen al aan groene mossels 411 ton. 
Discontinue chlorenng was niet effectief om de aangroei in de tunnel van de kerncentrale 
van Madras onder controle te houden Chlorenng beïnvloedt de pompsnelheid, de voedselfiltratie, 
het openen van de schelp en de byssusdraadproduktie negatief, hetgeen leidt tot een vermindering 
van de groeisnelheid. Gedurende discontinue chlorenng is herstel mogelijk in de tussenperioden, 
waann de mosselen zich actief voeden en byssusdraden produceren De verhoogde groeisnelheid 
van de mosselen in het koelwatercircuit, zoals eerder beschreven, compenseert voor alle reducties 
tijdens kortdurende chlorenng Dit verklaart waarom discontinue chlorenng niet effectief is om de 
aangroei in de tunnel van de kerncentrale van Madras te controleren. 
In in bednjf zijnde centrales waar m situ waarnemingen van mlaattunnels onmogelijk zijn 
door een gebrek aan toegankelijkheid, zijn vooral gegevens betreffende het waterniveauverschil 
tussen het pomphuis en de inlaat bruikbaar om de door aangroei veroorzaakte stroomsnelheidsver-
mmdenng vast te stellen Gegevens over het waterstandsverschil bij de inlaat van de kerncentrale 
van Madras hebben duidelijk de effectiviteit van continue lage dosis chlorenng aangetoond bij de 
verwijdering van gevestigde mosselgemeenschappen. Reductie in groeisnelheid, onderdrukking 
van de voetactiviteit en de reductie van de byssusdraadproduktie en aanhechtingssterkte van 
mosselen onderworpen aan continue chlorenng zijn in de literatuur welomschreven Het is mogelijk 
dat een gecombineerd effect van gereduceerde groeisnelheid en een algehele verzwakking van de 
byssusaanhechtmg, vergezeld door hoge stroomsnelheden in de koelwatercircuits, verantwoordelijk 
is voor de massaverwijdering van mossels uit de kerncentrale van Madras gedurende de 
toepassing van continue chlorenng ofschoon geen directe metingen aan groeisnelheid noch 
hechting binnenin de tunnel mogelijk was. 
Oecologie van mosselen 
Voor de bestrijding van mosselen in electncitertscentrales, is een grondige kennis noodzakelijk van 
het voortplantingsgedrag, de vestiging en de groeisnelheden van de mosselen Het bestnjden van 
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mosselen blijkt effectief gedurende het piekseizoen voor de vestiging wanneer larven die zich in 
het koelwater bevinden zich massaal op de beschikbare vaste oppervlakken trachten te vestigen. 
Verder zijn gegevens over vestiging en groei van mosselen binnen en buiten de koelwaterleidingen 
nuttig om de effectiviteit van de bestrijding na te gaan. 
Dit proefschrift toont aan dat in tegenstelling tot sommige andere tropische mariene 
organismen, de groene mossel bij Kalpakkam geen continu voortplantingspatroon gedurende het 
gehele jaar heeft, maar in plaats daarvan twee duidelijk te onderscheiden voortplantingsperioden: 
één gedurende april-juni en één in October. Hun voortplantingsseizoen, ofschoon goed gedefi-
nieerd, komt voor over een langere periode om de aanvoer van larven gedurende langere tijd te 
verzekeren. Dit maakt continu chlorering noodzakelijk ten einde vestiging van de larven binnenin 
de koelwatersystemen te verhinderen. Ofschoon het mogelijk is om te reageren op perioden van 
maximale vestiging vanuit de kennis over de reproductieve cyclus en de perioden van massaal 
voorkomen van de larven, zijn de perioden niet altijd voorspelbaar. Onder zulke omstandigheden 
moet elk anti-aangroeisysteem door het gehele jaar heen beschikbaar zijn. Uit literatuurgegevens 
kan worden geconcludeerd dat bij een twee cm lange mossel, tien dagen van uithongering kan 
worden gecompenseerd door slechts een dag filteren onder gunstige omstandigheden. Hieruit volgt 
dat ononderbroken chlorering zeer belangrijk is voor in bedrijf zijnde centrales, omdat wanneer de 
mosselen zich eenmaal gevestigd hebben en groeien, hogere chloorconcentraties noodzakelijk zijn 
om ze te doden. 
Bestrijdingsmaatregelen 
In het algemeen kan biologische aangroei (biofouling) op drie manieren worden bestreden: fysisch, 
chemisch en biologisch. De eerstgenoemde twee methoden vinden in de praktijk in inbedrijfzijnde 
centrales plaats met redelijk goede resultaten die een tamelijk lange tijd soulaas bieden. Fysische 
methoden omvatten o.m. mechanische reiniging, filtratie van het inkomende water, gebruik van 
hoge energiestraling (ultraviolet of ioniserende straling), acoustische trillingen en thermische 
bestrijding. Vanuit praktisch oogpunt zijn mechanische reiniging en thermische bestrijding de meest 
economisch en technisch toepasbare methoden. Mechanische reiniging is echter een methode 
achteraf, die toegepast wordt als zich reeds aangroei heeft voorgedaan en is daarom van beperkte 
betekenis. Thermische bestrijding tracht de vestiging van de larven te verhinderen en elimineert de 
bestaande aangroei. Deze maatregel is aantrekkelijk voor de bedrijven omdat ze zowel preventief 
als therapeutisch werkt. Daarom is thermische bestrijding in dit onderzoek beschouwd als een 
alternatief voor chlorering. 
Aangroeibestrijding door middel van temperatuurverhoging is toegepast in vele industriële 
koelwatersystemen sinds 1950. In de huidige studie bleken relatief geringe toenames van de 
omgevingstemperatuur van het zeewater duidelijke sterfte te veroorzaken bij de mosselsoorten F. 
viridis, P. indica, M. siriatulus en M. modiolus. Meestal is thermische bestrijding effectief voor mos-
selen en tegelijkertijd effectief tegen andere aangroei-organismen. De eenvoud en de effectiviteit 
van de thermische bestrijding maken deze manier van bestrijden tot een aantrekkelijk alternatief 
voor chlorering en is aanbevolen aan industrieën. 
Aangroei kan echter het meest economisch bestreden worden door de toepassing van 
chemicaliën. Meer dan 50 jaar, sinds deze methode voor het eerst werd toegepast door de Com-
monwealth Edison Company, USA in 1947, wordt chloorbleekloog gebruikt als ideaal bestrijdings-
middel om alle soorten aangroei-organismen te bestrijden zoals bacteriën, algen, schimmels en 
ongewervelde dieren. De voordelen zijn: goedkoop en flexibel in te zetten (in gasvorm, vloeistof en 
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als poeder), gemakkelijk te doseren en het feit dat een breed spectrum van aangroei-organismen 
hiermee wordt bestreden. 
De hier gepresenteerde resultaten laten zien dat de tijd waarop 100% mortaliteit bereikt 
wordt voor P. viridis 35 dagen was bij 1 mg I'1 chloorresidu. De blootstellingstijd nodig om 100% 
sterfte te bereiken bij deze mosselsoort blijkt veel hoger te zijn dan voor andere tropische 
mosselsoorten (bijv. P. indica, M. striatulus, M. philippinarum en M. modiolus). De huidige 
gegevens tonen duidelijk aan dat het chloreringsregime dat P. viridis onder controle houdt bij de 
kerncentrale van Madras ook de andere mosselsoorten zal elimineren. Er zijn echter ook nadelen 
verbonden aan het gebruik van chloorbleekloog als anti-aangroeimiddel in koelwatersystemen. De 
bijprodukten van chloor (o.a. trihalomethanen) staan bekend als mogelijk carcinogeen en kunnen 
de wateren waarin de lozing van het gebruikte koelwater plaatsvindt ernstig vervuilen. Daarom is er 
een toenemende maatschappelijke druk om chlorering te vervangen door meer milieuvriendelijke 
bestrijdingsmethoden. Thermische bestrijding zou belangrijk kunnen worden omdat deze methode 
een groot aantal van deze nadelen kan ondervangen. De methode is echter energieverslindend en 
moeilijk toe te passen, tenzij de centrale daarvoor ontworpen is. 
Ofschoon toxische anti-aangroeiverven, schoonmaken met onderwater hydrojets, verhitting 
en chlorering de praktisch meest toegepaste anti-aangroeimethoden zijn om schepen, offshore 
platforms en electriciteitscentrales van hun aangroei te ontdoen of te voorkomen dat zich aangroei 
voordoet, zijn voortdurend nieuwe inspanningen noodzakelijk ten einde tot de ontwikkeling van 
nieuwere technieken te komen. Een anti-aangroeitechniek die met gelijke effectiviteit kan worden 
gebruikt om schepen, offshorewerken en elektriciteitscentrales schoon te houden of te maken is 
moeilijk te ontwikkelen. Specifieke bestrijdingsmethoden voor bepaalde toepassingen die veel effi-
ciënter en langduriger werken dan de huidige kunnen wel worden ontwikkeld. Verder moet bij 
nieuwe ontwikkelingen meer rekening worden gehouden met milieunormen. Dit benadrukt het be-
lang van het ontwikkelen van biologische methoden voor aangroeibestrijding. 
Dit zou kunnen worden bereikt door het gebruik van natuurlijke predatoren en ziekteverwek-
kers of het gebruik van biochemische middelen zoals enzymen, hormonen en stoffen zoals mollus-
ciciden. De milieuproblemen zouden zo geminimaliseerd kunnen worden. De technische bruikbaar-
heid blijft vooralsnog gering. Een veelbelovende benadering is het gebruik van microbiéle orga-
nismen en hun produkten. Er moet echter nog heel wat werk worden verricht voordat een prak-
tische methode beschikbaar is voor elektriciteitscentrales in bedrijf. 
Conclusies 
1. De aangroei-intensiteit in de kustwateren van Kalpakkam is buitengewoon hoog. De 
aangroeisnelheden zijn de hoogste die ooit gemeten zijn. 
2. Een dergelijke hoge biomassa-accumulatie is mogelijk door de extreem dichte vestiging 
van mosselen, in het bijzonder de groene mossel (P. viridis). Een groeisnelheid van 119 
mm per jaar is bij de groene mossel gemeten bij de ¡nlaatopeningen van de kerncentrale 
van Madras, hetgeen veel hoger is dan tot nu toe in de literatuur wordt vermeld. Bij het 
kolonisatieproces van bijzondere omgevingen zoals een zeewaterinnametunnel, hebben 
mosselen een competitief voordeel ten opzichte van de meeste andere aangroei-orga-
nismen. De dominantie van mosselen in dergelijke omgevingen is ook waarschijnlijk op 
andere soortgelijke plaatsen. 
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3. Opnieuw is aangetoond dat discontinue chlorering een ineffectieve methode is om mos-
selen te bestrijden. Een continue dosis chlorering is bruikbaar om de gevestigde mos-
selgemeenschap van de inlaattunnels los te maken. Continue lage dosis chlorering is 
nuttig voor het bestrijden van het vestigen van broedjes. Deze methode verhindert een-
voudig dat ze zich op de wanden vestigen. 
4. De tijd benodigd om een 100% sterfte bij P. vindis te bewerkstelligen door middel van 
thermische bestrijding en chlorering is veel hoger dan voor andere tropische mossel-
soorten. Daarom zullen deze methoden, indien ze worden aangewend om P. vindis te 
bestrijden, ook de andere mosselsoorten elimineren. 
5. Thermische bestrijding kan een effectieve methode zijn om aangroei in de koelsystemen 
van elektriciteitscentrales te beperken. Dit is zo omdat de hoge watertemperaturen reeds 
dicht tegen de lethale temperatuurslimiet van mariene organismen aanzitten in tegen-
stelling tot de temperaturen van de wateren van de gematigde streken. Daarom is ther-
mische bestrijding economischer in de tropen dan in de wateren van de gematigde 
streken. 
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